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SUMMARY 
P r e s e n t e d  i n  t h i s  r e p o r t  i s  a comprehensive review of the 
e x i s t i n g  tech.nica1 l i t e r a t u r e  and a design summary of s t a l l  
c h . a r a c t e r i s t i c s  a p p l i c a b l e  t o  l i g h t  s t r a i g h . t  wing a i r c r a f t .  
These  cha rac t e r i s t i c s  a re  ob ta ined  wi th  th.e a i d  of a d i g i t a l  
computer program which. u t i l i z e s  t h e  most up t o  d a t e  a n a l y t i c a l  
methods employing l i f t i n g  l i n e  theory and the avai lable  exper-  
imental  tes t  d a t a  f o r  wing s e c t i o n  c h a r a c t e r i s t i c s .  The computer 
r e s u l t s  a r e  p r e s e n t e d  i n  t h . e  form  of s t a l l  c h . a r t s  s u i t a b l e  f o r  
preliminary  design  purposes.  Based on th.e ex tens ive  paramet r ic  
study covering a t o t a l  of 331 d i f f e r e n t  a i r c r a f t  c o n f i g u r a t i o n s ,  
it can be concluded that  in  modern a i rp l ane  des ign  sa t i s f ac to ry  
s t a l l i n g  c h a r a c t e r i s t i c s  c a n  be r e a d i l y  b u i l t  i n  with no apprecia-  
b l e  l o s s  i n  a i rp l ane  pe r fo rmance  o r  hand l ing  qua l i t i e s .  A proper  
combination of  wing t a p e r ,  t w i s t  and type of a i r f o i l  s e c t i o n s  
w i t h .  minor  pos t -des ign  f ixes ,  i f  requi red ,  can  in  most ca ses  
p r o v i d e  s a t i s f a c t o r y  w i n g  s t a l l  c h a r a c t e r i s t i c s .  
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FOREWORD 
T h i s  r epor t  p re sen t s  a design summary of s t a l l  c h . a r a c t e r -  
i s t ics  of  s t ra igh. t  wing a i r c r a f t .  
Th.e work  was performed by th.e S c i e n t i f i c  Systems Division 
(SSD) of  the Dynasciences  CorDoration, Blue Bel l ,  Pennsylvania ,  
f o r  t h e  National Aeronautics and Snace Administration (NASA), 
Langley Research Center, Hampton, Vi rg in ia ,  under  cont rac t  number 
NAS 1-8389 during t h e  period from July 1968 through SeDtember 
1969. 
Th.e NASA techn ica l  r ep resen ta t ives  were M r .  Robert T .  Taylor 
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A DESIGN SUMMARY OF  STALL  CHARACTERISTICS 
O F  STRAIGJTC WING AIRCRAFT 
By M. A. McVeigh, E. Kis ie lowski  
DYNASCIENCES  CORPORATION 
SECTION I 
INTRODUCTION 
Fede ra l  and  mi l i t a ry  av ia t ion  r egu la t ions  r equ i r e  t h . a t  a l l  
a i r c r a f t  p o s s e s s  s t a l l i n g  c h a r a c t e r i s t i c s  which. comply wi th  the  
e s t a b l i s h e d   s p e c i f i c a t i o n s .  The f i n a l  e v a l u a t i o n  of an a i r p l a n e  
i s  made i n  f l i g h t  tests i n  which. a l l  f a c t o r s  i n f l u e n c i n g  i t s  
s t a l l i n g  c h a r a c t e r i s t i c s  a r e  i n t e g r a t e d .  A t  t h . i s  s t age ,  however, 
it may b e  t o o  l a t e  o r  v e r y  e x p e n s i v e  t o  make any a l t e r a t i o n s  
necessa ry  to  m e e t  the  es tab l i shed  requi rements .  
It i s  h i g h l y  d e s i r a b l e  t h e r e f o r e ,  t o  p r e d i c t  t h . e  maximum lift 
and s t a l l i n g  c h a r a c t e r i s t i c s  of  an a i r c r a f t  at an ea r ly  des ign  
s tage  and ,  on t h e  b a s i s  of  t h e  p r e d i c t e d  c h a r a c t e r i s t i c s ,  t o  
incorpora te  such  modi f ica t ions  in  the  des ign  as  may give promise 
of s a t i s f y i n g  t h e  FAA o r  m i l i t a r y  s t a l l  r e q u i r e m e n t s .  With t h i s  
end i n  mind,  extensive research effor t  directed toward a compre- 
hensive understanding of the aerodynamics of unswept wings has 
been  accomplished i n  p r i o r  y e a r s .  T h i s  r e s e a r c h  e f f o r t  w a s  d i r -  
e c t e d  a l o n g  l i n e s  of t h e o r e t i c a l  work,  wind tunnel experiments and 
f l i g h t  tests. 
On the  theo re t i ca l  f ron t  subs t an t i a l  p rog res s  has  been  made. 
P r i o r  t o  t h e  World War I1 an  adap ta t ion  o f  t he  l i f t i ng  l i ne  theo ry  
i n  which t h e  wing a i r f o i l  s e c t i o n s  w e r e  assumed to  posses s  a l i n e a r  
v a r i a t i o n  of l i f t  wi th  angle-of -a t tack  was t h e  o n l y  a v a i l a b l e  
method f o r  p r e d i c t i n g  t h e  maximum l i f t  and s t a l l i n g  c h a r a c t e r i s t i c s  
of  unswept  wings. I n  the  r eg ion  of maximum l i f t ,  however, t h e  
s e c t i o n  l i f t  c u r v e s  are usual ly   qui te   nonl inear .   Consequent ly ,  
p red ic t ions  based  on t h e  method were q u i t e  u n r e l i a b l e  i n  t h e  max- 
imum l i f t  r ange .  Shor t ly  a f t e r  t he  c lose  of World War I1 S i v e l l s  
(References 1 and 2) presented a  method f o r  c a l c u l a t i n g  unswept 
wing c h a r a c t e r i s t i c s  by l i f t i n g  l i n e  t h e o r y  u t i l i z i n g  n o n l i n e a r  
a i r f o i l  s e c t i o n  l i f t  d a t a .  The va lues  of maximum l i f t  and t h e  
p o i n t  of i n i t i a l  s t a l l  p red ic t ed  by this  approach agree w e l l  w i th  
experimental  observat ions,  and the meth.od i s  regarded as  a very 
e f f e c t i v e  d e s i g n  t o o l .  O t h e r  ma jo r  t heo re t i ca l  con t r ibu t ions  were 
made by Theodorsen (Reference 3) and by Multhopp (Reference 4). 
These references provide valuable methods for developing improved 
a i r f o i l  s e c t i o n s  and for  determining wing-fuselage interference 
e f f e c t s .  
Wind tunnel experiments have provided extensive information 
i n  such  important   areas  as: two-dimens iona l   a i r fo i l   sec t ion  
c h a r a c t e r i s t i c s  (References 5 and 6); the aerodynamic charac- 
terist ics of complete wings a t  high Reynolds number (Reference 
7); the characterist ics of a large number of  complete  a i rplanes 
(Reference 8 ) ;  and compress ib i l i ty  effects  on m a x i m u m  l i f t  ( R e f -  
erence 9) .  Ce r t a in  po r t ions  o f  t he  wind tunnel tes t  data  have 
d i r ec t  des ign  app l i ca t ions ,  o th . e r  po r t ions  p rov ide  a b a s i s  on 
which t o  e v a l u a t e  t h e  a p p l i c a b i l i t y  o f  new th.eories, and s t i l l  
o ther  por t ions  provide  informat ion  on which .  t o  base  empi r i ca l  
design guidance. 
The f l i g h t  test  results provide a comprehensive evaluation 
o f  t he  in t eg ra t ed  effect  of a l l  t h e  f a c t o r s  t h a t  c o n t r i b u t e  t o  
t h e  a i r p l a n e  f l y i n g  q u a l i t i e s .  Measurement  of the f l i g h t  ch.arac- 
t e r i s t ics  of many a i r p l a n e s  of d i f f e ren t  t ypes  has  pe rmi t t ed  a 
d e f i n i t i o n  o f  t h o s e  c h a r a c t e r i s t i c s  w h i c h  p r o v i d e  f o r  good f l y i n g  
q u a l i t i e s .  A d d i t i o n a l l y ,  t h e  f l i g h t  tes t  results provide a re f -  
e rence  base  fo r  th .e  co r re l a t ion  o f  t h . eo re t i ca1  p red ic t ion  and 
wind tunnel  experimental  resul ts .  
Much o f  t he  research. e f f o r t  r e f e r e n c e d  above w a s  accomplished 
and the resul ts  were published i n  numerous i s o l a t e d  r e p o r t s ,  
during and s h o r t l y  a f t e r  t h e  end  of  World War 11. Immediately 
a f t e r  t h i s  p e r i o d ,  in te res t  i n  the problems of  s t ra ight  wing a i r -  
c r a f t  was d ive r t ed  to  the  p re s s ing  p rob lems  of supersonic m i l i -  
t a r y  a i r c r a f t  i n c o r p o r a t i n g  swept   wing  configurat ions.   In   general ,  
unswept ( s t r a i g h t )  wing  technology i s  n o t  a p p l i c a b l e  t o  swept 
wing  configurations.   Consequently,   the  wealth  of  information 
p e r t a i n i n g  t o  t h e  maximum l i f t  and s ta l l ing  of  unswept  wing a i r -  
c ra f t  has  not  prev ious ly  been  coord ina ted  and hence h.as not re- 
ce ived   adequa te   a t t en t ion .   Neve r the l e s s ,   i n  the gene ra l   av i a t ion  
f i e l d ,  i n t e re s t  st ill c e n t e r s  on ,subsonic a i r c r a f t  i n c o r p o r a t i n g  
unswept wing configurations. A n e e d  t h e r e f o r e  e x i s t s  f o r  t h e  
app l i ca t ion  of a v a i l a b l e  unswept  wing s t a l l  t e c h n o l o g y  t o  th .e  
design of such a i r c r a f t .  
Th i s  r epor t  p re sen t s  a comprehensive bibliography of prior 
work i n  t h . e  f i e l d ,  a n d ,  i n s o f a r  a s  p r a c t i c a b l e ,  p r e s e n t s  t h e  most 
pe r t inen t  i n fo rma t ion  in  a form su i tab le  for  des ign  appl ica t ion .  
I n  the  p repa ra t ion  of t h i s  r e p o r t  a comprehensive review h.as  been 
conducted of a l l  p e r t i n e n t  l i t e r a t u r e  alth.ough. no attempt i s  made 
to   synops ize  each. of th .e  repor t s   under   one   sec t ion .   Ef for t  h . a s  
been made, however, to  incorporate  the information gained from 
th is  ex tens ive  rev iew in to  des ign  guidance  procedures ,  recommen- 
da t ions ,   cau t ions ,  e tc .  Based  on t h i s  comprehensive  review  of 
p e r t i n e n t  l i t e ra ture  a math.ematica1 model w a s  formulated and 
programmed f o r  t h e  CDC 6600 d i g i t a l  computer. T h e  computer which.  
employs ava i l ab le  non l inea r  wing sec t ion  ch .a rac te r i s t ics  can  be  
u t i l i z e d  t o  p r e d i c t  maximum l i f t  and th .e  spanwise load dis t r ibu-  
t i o n  of a wing w i t h .  or w i t h . o u t  fuse lage .  
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I As a r e s u l t  of t h i s  s t u d y  it can be concluded that  design f o r  good a i r p l a n e  s t a l l i n g  c h a r a c t e r i s t i c s  i s  s t i l l  p a r t  art  and p a r t  science. It appears obvious,  however,  that  application of 
t h e  p r o b a b i l i t y  of o b t a i n i n g  s a t i s f a c t o r y  s t a l l i n g  c h a r a c t e r i s t i c s  
o r ,  a t  least ,  may y i e l d  an a i rp l ane  des ign  wh.ose c h a r a c t e r i s t i c s  
can be made acceptab le  as t h e  result of minor modifications during 
e a r l y  f l i g h t  tes t  phase. 
i t h e   a v a i l a b l e  knowledge i n  ea r ly   des ign   s t age  w i l l  g r e a t l y  improve 
I 
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SECTION 2 
BASIC  CONSIDERATIONS OF AIRPLANE STALLING 
2 . 1  MINI" REQUIREMENTS  FOR ACCEPTABLE STALL CHARACTERISTICS 
The MINIMUM REGULATORY r equ i r emen t s  fo r  t he  s t a l l i ng  behav io r  
of small a i r c r a f t  a r e  s t a t e d  i n  the  Federa l  Avia t ion  Regula t ions ,  
P a r t  23 "Airworthiness  Standards:  Normal, U t i l i t y  and  Acrobatic 
Category  Airp1.anes''  (Reference 10). With .  t h e  l e g a l i s t i c  q u a l i f -  
i c a t i o n s  d e l e t e d ,  t h e  r e g u l a t i o n s  r e q u i r e  t h a t  f o r  s p e c i f i e d  
power, g e a r  a n d  f l a p  s e t t i n g s  a c c e p t a b l e  s t a l l i n g  c h a r a c t e r i s t i c s  
be demonstrated for  two f1igh.t maneuvers, one i n  s t r a i g h t  f l i g h t  
wi th  the  wings  leve l  and  one i n  a coordinated turn. In  bo th  cases  
the pr imary control  manipulat ion i s  a s teady  progress ive  upward 
movement of t h e  e l e v a t o r  u n t i l  th.e a i r p l a n e  i s  s t a l l e d  o r  t h e  
e l eva to r  r eaches  i t s  s top.  
The demonstration procedures and accep tab le  s t a l l i ng  cha rac -  
t e r i s t i c s  a r e  d e f i n e d  a s  f o l l o w s :  
For  the  s t ra ight - f l igh t  maneuver ,  th.e a i r p l a n e  i s  trimmed 
a t  a speed f i f t y  p e r c e n t  g r e a t e r  t h a n  t h e  s t a l l i n g  s p e e d  b e f o r e  
t h e  e l e v a t o r  movement i s  s t a r t e d .  With the  usua l  t h ree  con t ro l  
system, it must be poss ib le  to  produce  and c o r r e c t  r o l l  by unrev- 
ersed use of th .e  r o l l i n g  c o n t r o l  and to  produce and correct  yaw 
by unreversed use of th.e d i r e c t i o n a l  c o n t r o l  up t o  t h e  time when 
s t a l l  becomes apparent ,  i .e. when an  uncont ro l lab le  downward 
p i tch ing  mot ion  develops  or  un t i l  th.e e leva tor  reach .es  i t s  s top .  
For  the two-control  system airplanes,  rol l ing motions must 
be produced and corrected by un reve r sed  l a t e ra l  con t ro l  w i th ,ou t  
excess ive  yaw. During  recovery  f rom  the  s ta l l .  it must  be o s s i -  
b l e  t o  prevent th .e  occurrence of  more than  15 degrees  Of r o f l  O r  
yaw by normal use of th .e  con t ro l s .  
For  the turning-f l ight  maneuver ,  the ai rplane i s  p l a c e d  i n  a 
s teady ,  leve l ,  coord ina ted  turn  w i t h .  a 30-degree bank angle before 
the  speed i s  reduced. When s t a l l  o c c u r s ,  i t  must  be p o s s i b l e  t o  
r ega in  normal l eve l  f l i gh t  w i th .ou t  excess ive  loss of a l t i t u d e  
o r  uncon t ro l l ab le  ro l l i ng  o r  sp inn ing  t endenc ie s .  
For both maneuvers as s t a l l s  a r e  a p p r o a c h e d ,  t h e r e  must be a 
c l e a r  and d i s t i n c t  s t a l l  warning which begins at a speed about 5 
t o  1 0  miles per  hour  h igher  than  th .e  s t a l l i n g  s p e e d  and cont inues 
u n t i l  t h e  s t a l l  i s  reached .  For  a i rp lanes  tha t  cannot  be  s ta l led  
f o r  t h e  two maneuvers specified,  i t  must  be shown t h a t  i f  t h e y  
can  be  . s ta l led  in  s teep  c l imbs ,  then  recovery  sha l l  no t  requi re  
excessive  speeds  and/or   accelerat ions.   Mult i -engine  a i rcraf t  
have  addi t iona l  s ing le  engine-out  requi rements  per ta in ing  to  
s ta l ls  i n  t u r n i n g  f l i g h t .  
4 
1111. 111 I 
I!" - 
.. . 
I n  summary, t he  r egu la t ions  r equ i r e  tha t  fo r  gen t l e  maneuver s  
t h e  a i rcraf t  sha l l  have  some s ta l l -approach  warning ,  e f fec t ive  
l a t e r a l  c o n t r o l  up t o  t h e  s ta l l ,  and s u f f i c i e n t l y  e f f e c t i v e  la t -  
eral  c o n t r o l  a f t e r  t h e  s ta l l  t o  restrict  yawing and r o l l i n g  d i s -  
t u r b a n c e s  t o  small angles.  Furthermore,  recovery  from  the s t a l l  
s h a l l  n o t  i n v o l v e  e x c e s s i v e  a l t i t u d e  loss, speed  increase ,  o r  
structural loading. 
2.2 DESIRABLE STALL CHARACTERISTICS 
For more s a f e t y ,  it would be b e t t e r  i f  t h e r e  were no uncon- 
t ro l l ab le  mot ions  du r ing  a s ta l l  and recovery. A 15-degree  change 
in  the angle  of  bank or  heading could have ser ious consequences i f  
i t  occurred  c lose  t o  the ground and off the end of the runway 
fol lowing a misjudged landing and the s tar t  of  the go-around cl imb.  
Since it i s  genera l ly  conceded  tha t  there  i s  no  such. t h i n g  as 
a "good" s ta l l  (Reference 111, the  safes t  low-speed  charac te r i s -  
t i c s  a r e  t h o s e  t h a t  do not  change  not iceably  to  th .e  limit of t h e  
up-elevator   t ravel .   These are, of c o u r s e ,   t h e   c h a r a c t e r i s t i c s  
sought by "s ta l l -proof ing"  an  a i rp lane ,  such  tha t  the  angle  of  
a t t a c k  f o r  maximum l i f t  can never be a t t a ined .  Th i s  i s  not  easy 
t o  accomplish for reasons which w i l l  be  d i scussed  l a t e r .  
For  a i rplanes which can be s t a l l e d  ( i . e .  a i r c r a f t  a n g l e  of 
a t t a c k  e x c e e d s  t h a t  f o r  maximum l i f t ) ,  t h e r e  i s  no unanimity of 
opinion on t h e  l e a s t  d e s i r a b l e  t y p e  of motion t h a t  may r e s u l t .  Th.e 
consensus, however, i s  tha t  p robab ly  th .e  l e a s t  u n d e s i r a b l e  s t a l l  
c h a r a c t e r i s t i c  would be fo r  t he  nose  o f  t he  a i rp l ane  to  d rop  ab- 
r u p t l y  by a small but  d i s t inguish .ab le  amount before  the  occurrence  
of  excess ive  ro l l ing  and  yawing motions requiring the use of e i t h e r  
l a t e ra lo r   d i r ec t iona l   con t ro l s .   A l so ,   unde r  such. c o n d i t i o n s ,   i f  
t h e  e l e v a t o r  c o n t r o l  i s  eased forward the airplane should promptly 
r e t u r n  t o  u n s t a l l e d  f l i g h t .  S l i g h t  s k i d d i n g  o r  yawing  motions 
should have no a p p r e c i a b l e  e f f e c t  on t h e s e  c h a r a c t e r i s t i c s .  
The preceding  are  the  more o r  less l imi t ing  cond i t ions .  Any- 
thing between the case of m i l d  nose dropping and the s t a l l i n g  
c h a r a c t e r i s t i c s  d e f i n e d  by the  Federa l  Avia t ion  Regula t ions  (FAR) 
i s  a ma t t e r  of th .e  degree of violence of t h e  r o l l i n g  and yawing 
mot ions   tha t   deve lop   a t  th.e s t a l l .  It should  be  noted  that   as ide 
f rom the  spec i f i ed  angu la r  dev ia t ions  in  yaw and r o l l ,  th.e wording 
of t h e  r e g u l a t i o n s  i s  q u a l i t a t i v e  and  open t o  i n d i v i d u a l  i n t e r -  
p r e t a t i o n .  
2.3 STALL-PROOFING 
S t a l l - p r o o f i n g  a i r c r a f t  by l i m i t i n g  t h e  u p - e l e v a t o r  t r a v e l  
was suggested a t  least t h i r t y - f i v e  y e a r s  ago  and i s  a subjec t  
on which much research  time and ef for t  has  s ince  been  expended.  
There are two major  reasons why t h i s  s o l u t i o n  h a s  n o t  b e e n  more 
widely appl ied.  
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The f i r s t ,  b u t  n o t  n e c e s s a r i l y  t h e  more important of these 
reasons ,  i s  t h e  o p i n i o n  t h a t  a s t a l l - p r o o f  a i r p l a n e  may not be 
completely acceptable  nor  most s a l e a b l e  t o  t h e  s p e c i f i c  segment 
of  the  genera l  publ ic  most i n t e r e s t e d  i n  p e r s o n a l  f l y i n g .  T h i s  
group i s  cons ide red  to  be  composed l a r g e l y  of more adventurous 
persons  (e .g .  the  buyers  of  spor t s  cars, t h e  w a t e r  s k i e r s )  who 
want more than  t ransportat ion  f rom  an  a i rplane.   Therefore ,   the  
amount o f  e f fo r t  t ha t  migh t  be  pu t  i n to  des ign ing  an a i r p l a n e  t o  
be s ta l l -proof  depends on th . e  purpose and th.e market  for  wh.lch. th.e 
a i rp l ane  i s  intended. It i s  p o s s i b l e  t o  s t a l l - p r o o f  an a i r p l a n e  
f o r  c e r t a i n  f l i g h t  c o n d i t i o n s  and n o t  f o r  o t h e r s .  F o r t u n a t e l y  
the landing approach. condition i s  one  of th .e  s implest  and one f o r  
which some e f f o r t  may be warranted. 
The o ther  reason  wh.y most a i r c r a f t  a r e  n o t  c o m p l e t e l y  s t a l l -  
proofed i s  t h e  t e c h n i c a l  d i f f i c u l t y  of so  doing. The e l e v a t o r  
a n g l e  f o r  a g iven  angle  of  a t tack  var ies  w i t h .  a l a r g e  number of 
i n t e r r e l a t e d  a i r c r a f t  d i m e n s i o n a l  and  mass  parameters. Among t h e  
more important not under th .e  c o n t r o l  of th .e  des igne r  a re  the  
cen te r  o f  g rav i ty  loca t ion  on  a g i v e n  f l i g h t ,  t h e  t h r o t t l e ,  f l a p  
and t r i m  s e t t i n g s ;  and t h e  e x t e r i o r  s u r f a c e  c o n d i t i o n ,  p a r t i c u l a r -  
l y  t h e  wing  and h o r i z o n t a l  t a i l  s u r f a c e s .  Added t o  t h e s e  a r e  a l l  
those  o ther  parameters  among which the designer  normally has  to  
compromise. The basic   longi tudinal   balance  and,   hence,  the e leva-  
t o r  a n g l e  f o r  s t a l l ,  d e p e n d s  on th.e r e l a t i v e  p r o p o r t i o n s  of the 
wing  and  the  hor izonta l  t a i l  sur faces ,  th .e  t a i l  l e n g t h ,  v e r t i c a l  
l o c a t i o n  o f  t h e  t a i l ,  t h e  o r i e n t a t i o n  of t h e  t a i l  r e l a t i v e  t o  t h e  
p rope l l e r  s l i p s t r eam,  and t h e  p r o x i m i t y  o f  t h e  t a i l  t o  t h e  g r o u n d  
dur ing  takeoff  and landing.  
2 .4  STALL WARNING 
It  i s  less d i f f i c u l t  t o  o b t a i n  s t a l l  warning i n  t h e  a i r p l a n e  
as compared to  s t a l l  p roo f ing .  A l though  it may not  always  be 
p o s s i b l e  t o  p r o v i d e  f o r  a d e q u a t e  s t a l l  w a r n i n g  i n  t h e  d e s i g n  s t a g e ,  
i t  can i n  many cases b e  i n c o r p o r a t e d  a f t e r  a i r c r a f t  c o n s t r u c t i o n .  
There are a  number of  a i r p l a n e  c h a r a c t e r i s t i c s  which. can 
se rve  a s  a  means of providing warning to t h . e  p i l o t  of h . i s  approach. 
t o  t h e  s t a l l .  Some of t h . e s e  c h a r a c t e r i s t i c s  are l a r g e   i n c r e a s e s  
i n  th . e  e l e v a t o r  f o r c e  and i n  t h e  c o n t r o l  s t i c k  t r a v e l  n e a r  th .e  
s t a l l i n g  s p e e d ,  i n i t i a l l y  c o n t r o l l a b l e  r o l l i n g  and pitch.ing motions, 
and v ib ra t ions  o r  ' ' bu f fe t ing"  of th .e  a i r p l a n e  and th .e  c o n t r o l  s t i c k .  
The v a r i a t i o n  of c o n t r o l  f o r c e s  which a r e  f u n c t i o n s  of e l e v a t o r  
hinge moments are too dependent on the f r i c t i o n  and e l a s t i c i t y  i n  
the control system between th.e e l e v a t o r  and s t i c k  t o  p r o v i d e  th.e 
cons is tency  needed  for  s ta l l  warn ing .  On th .e  oth.er h.and an  appre- 
c i a b l e  i n c r e a s e  i n  t h e  e l e v a t o r  c o n t r o l  t r a v e l  as s ta l l  i s  
approached,  a i r f rame buffet ing and i n i t i a l l y  c o n t r o l l a b l e  a n g u l a r  
motions h,ave each been found to  give acceptable  s ta l l  warning.  
The d i f f i c u l t y  i s  t o  p r o v i d e  f o r  t h e  s t a r t  of t h . e s e  warnings in  
the required speed range and t o  a s s u r e  t h a t  t h e  a i r p l a n e  a n g u l a r  
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motions do not become 
ing speed i s  reached. 
too  severe  i n  ampl i tude  be fo re  the  s t a l l -  
Although  inherent   s ta l l -warnings are t o  b e  p r e f e r r e d ,  s ta l l  
warn ings  can  be  synthes ized  by  de tec t ing  cons is ten t  changes  i n  
the  a i r f low about  the  a i rp lane  and  us ing  th .e  i n fo rma t ion  to  
a c t i v a t e  a mechanical or e l e c t r o n i c  d e v i c e  t o  a l e r t  t h e  p i l o t  of 
h i s  a p p r o a c h  t o  s t a l l .  The earliest  form  of a s y n t h e s i z e d  s t a l l  
warning w a s  p robably  the  s t a l l  r e d - l i n e  on the  a i r speed  ind ica tor .  
The s ta l l  airspeed, however, i s  one  of t he  poore r  i nd ica to r s  of 
impending s t a l l  because it depends on a i r c r a f t  w e i g h t  and conse- 
quen t ly  va r i e s  w i th  pas senge r  load  and f u e l  consumption.  Varia- 
b l e s  wh.ich are d i r e c t l y  r e l a t e d  t o  t h e  s ta l l  such  as  the  a i rp lane  
angle  of  a t tack and su r face  p re s su re  d i f f e rences  g ive  much more 
r e l i a b l e  i n d i c a t i o n s  of  impending s t a l l  t h a n  d o e s  a i r s p e e d .  
S y n t h e t i c  s t a l l - w a r n i n g  d e v i c e s  c a n  b e  d e s i g n e d  t o  a l e r t  t h e  
p i l o t  of h i s  approach. t o  th.e s t a l l  th.rough. h . i s  sense of s igh. t ,  
hear ing or f e e l .  N e i t h . e r  of th.e f i r s t  two  h.ave been  found  very 
s a t i s f a c t o r y .  I n  t h . e  case  of s igh . t ,  th.e p i l o t ' s  a t t e n t i o n  d u r i n g  
takeoff  and landing when u n i n t e n t i o n a l  s t a l l i n g  i s  most probable 
i s  r equ i r ed  ou t s ide  of t h e  c o c k p i t .  I n  t h e  c a s e  of hear ing ,  
t h e r e  i s  chance for confusion as horns have long been used as a 
reminder  to  lower th.e l anding   gear .  Th.e most s a t i s f a c t o r y  s t a l l  
warning device would therefore  be the one t h a t  would a l e r t  t h e  
p i l o t  of h i s  approach. t o  t h e  s t a l l  t h r o u g h  t h e  s e n s e  of f e e l .  
A d e s c r i p t i o n  of t h e  most common s t a l l  warning devices and their  
p r i n c i p l e  of ope ra t ion  i s  presented in  Reference 1 2 .  
2.5 FACTORS ~ AFFECTING WING STALL 
~~ 
Th.e Federa l  Avia t ion  Regula t ions  def ine  the  s ta l l  charac te r -  
i s t ics  i n  terms of movement of t h e  e l e v a t o r  and  of t h e  e f f e c t i v e -  
nes s  o f  t he  a i l e ron  and rudde r  con t ro l s .  Th.e wing,  h.owever, i s  
the primary element of t h e  a i r p l a n e  a f f e c t i n g  th . e  s t a l l i n g  
c h a r a c t e r i s t i c s .  I t s  s i z e  r e l a t i v e  t o  weigh.t sets th.e s t a l l i n g  
speed, and i t s  proport ions determine t h . e  l o c a t i o n  of t h . e  s t a l l ,  
i t s  ra te  of propagat ion,  and the violence of t he  r e su l t i ng  mot ions  
when t h e  s t a l l i n g  s p e e d  i s  reached. 
I n  the  des ign  o f  a i rp l anes  it i s  normal t o  s t a r t  w i t h  th.e 
wing  and s e l e c t  i t s  dimensions by  a series of  compromises so  a s  
t o  a s s u r e  good pe r fo rmance ,  accep tab le  s t a l l i ng  cha rac t e r i s t i c s ,  
and  low s t r u c t u r a l  weigh.t . While not  a tech .n ica1  fac tor  a p l eas -  
ing appearance must be considered because of th.e e f f e c t  of s t y l e  
on the  marke tab i l i t y  of the design. T h e  a i r f o i l  s e c t i o n  i s  
fundamental t o  wing des ign  and  should  be  cons idered  ear ly  in  
th .e  p re l iminary   s tages .  Th.e aerodynamic  data   for  th.e s e l ec t ed  
a i r f o i l  s e c t i o n s  a r e  t h e n  u s e d  i n  ana lyses  to  de te rmine  the  
span  loading of t h e  t h . r e e  dimensional  wing. It i s  on th.e  b a s i s  
of computed span-load d i s t r i b u t i o n s  t h a t  a d e c i s i o n  i s  made on 
t h e  f i n a l  wing propor t ions .  Sec t ions  4 and 5 of t h . i s  r e p o r t  
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present  a summary of the theory and a d e s c r i p t i o n  of t h e  computer 
program respec t ive ly  fo r  de t e rmin ing  the  wing span load dis t r ib-  
u t ions  requi red  for  pre l iminary  des ign  purposes .  
2.6 AIRFOIL SECTIONS 
The s e l e c t i o n  of t h e  optimum a i r f o i l  s e c t i o n s  f o r  a wing i s  
genera l ly  made after cons idera t ion  i s  given to  the fol lowing:  
a) Sec t ion  p ro f i l e  d rag  coe f f i c i en t  shou ld  be  as low as 
possible-  over  a range of l i f t  c o e f f i c i e n t s  n e a r  t h e  r e q u i r e d  
c r u i s e  l i f t  c o e f f i c i e n t .  
b )  Sec t ion  maximum l i f t  c o e f f i c i e n t  s h o u l d  b e  a s  l a r g e  as 
poss ib l e  s ince  th i s  has  a direct bear ing  on t h e  maximum value of 
t h e  o v e r a l l  wing l i f t  c o e f f i c i e n t  which i n  t u r n  g o v e r n s  t h e  
s t a l l i n g  s p e e d .  
c )  The chosen  sec t ions  should  have  suf f ic ien t  depth  to  
con ta in  the  wing s t r u c t u r a l  members and other  items such as 
landing gear .  
d )  S t a l l i n g  c h a r a c t e r i s t i c s  o f  s e c t i o n s  n e a r  t h e  wing t i p  
should be gradual so  as t o  a v o i d  t h e  p o s s i b i l i t y  of sharp wing 
drop. 
e)  The s e c t i o n  c r i t i ca l  Mach number should be as high as 
poss ib le  to  avoid  t ransonic  drag  rise, i f  a high speed aircraft 
i s  being considered. 
A l l  of these  requi rements  cannot  be  sa t i s f ied  by any one 
a i r f o i l  s e c t i o n  and some compromise  must be made. For  example, 
t he  need  fo r  su f f i c i en t  s t ruc tu ra l  dep th ,  e .g .  l a rge  th i ckness -  
chord  r a t io s ,  con f l i c t s  w i th  the  r equ i r emen t  fo r  h igh  va lues  of 
maximum l i f t  c o e f f i c i e n t .  Again, a sec t ion   chosen   for  i t s  
high value of maximum l i f t   c o e f f i c i e n t  might have undesirably 
s h a r p  s t a l l i n g  c h a r a c t e r i s t i c s .  
While s e c t i o n  maximum l i f t  c o e f f i c i e n t  i s  of p a r t i c u l a r  
importance i n  r e g a r d  t o  wing s t a l l i n g  c h a r a c t e r i s t i c s ,  t h e  
sec t ion  hav ing  the  g rea t e s t  va lue  of maximum l i f t  might be 
s e n s i t i v e  t o  small dimensional deviations and hence might not 
r e a l i z e  i t s  i d e a l  perfo.rmance. 
Wing s t a l l  c h a r a c t e r i s t i c s  c a n  a l s o  b e  a f f e c t e d  by a i r  
turbulence o r  gus t iness .  The s i d e s l i p p i n g  and  yawing  motions 
produced by gust iness  can induce f low breakdown f o r  c e r t a i n  
wing s e c t i o n s  t h u s  r e s u l t i n g  i n  l a r g e  c h a n g e s  i n  wing l i f t .  
Much work has  been  done  to  cor re la te  f low pa t te rns  a t  the  s t a l l  
with the geometr ic  propert ies  of  wing sec t ions  and  the  shape  
o f  t h e  l i f t  c u r v e .  T h e r e  are three  representa t ive  types  of  
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a i r f o i l  s e c t i o n  s ta l l  genera l ly  cons idered  i n  the  t echn ica l  
l i t e r a t u r e ,   e . g .  Reference 13. These  types  are:  
a )  Type 1 - T r a i l i n g  Edge S t a l l  
b )  Type 2 - Leading Edge S t a l l  
c )  Type  3 - T h i n   A i r f o i l   S t a l l  
The l i f t  c u r v e s  f o r  t h e  t h r e e  t y p e s  ( r e p r o d u c e d  from Ref- 
erence 13) are compared i n  F i g u r e  1 and a discussion of  each 
t y p e  o f  s t a l l  i s  presented below. 
2.6.1  Type 1 - T r a i l i n g  Edge S t a l l  
The peak of t h e  l i f t  c u r v e  f o r  t h i s  t y p e  of s t a l l  i s  charac- 
t e r i s t i c a l l y  rotlnded with a maximum value  of l i f t   c o e f f i c i e n t  
of  approximately  1.5. Th.e loss of l i f t  a f t e r  t h e  s t a l l  i s  
gradual which i s  cons ide red  to  be  the  l ea s t  undes i r ab le  type  
of s t a l l .  The f l o w  f o r  t h i s  t y p e  of s t a l l  i s  cha rac t e r i zed  by 
a progress ive  th ickening  of the turbulent  boundary layer  on t h e  
upper  surface of t h e  a i r f o i l  a s  t h e  a n g l e  of a t t a c k  i s  increased.  
This  i s  followed by an eventual  f low separat ion which. s t a r t s  a t  
t h e  t r a i l i n g  edge and gradually moves f o r w a r d  a s  t h e  a i r f o i l  
angle   of   a t tack i s  increased  from  about 100. Maximum lift i s  
obtained when the  po in t  of separation reaches about the 50 per -  
cen t  chord  s ta t ion .  Beyond maximum l i f t  t h e  f o r w a r d  p r o g r e s s i o n  
of t he  sepa ra t ion  po in t  con t inues  a t  abou t  t he  same r a t e  a s  p r i o r  
t o  s t a l l .  The t r a i l i ng -edge   t ype  of s t a l l  i s  gene ra l ly   a s soc ia t ed  
with wings approximately 15% thick or  greater .  
2.6.2 Type 2 - Leading Edge S t a l l  
A i r fo i l s  w i th  the  l ead ing -edge  type  of s t a l l  u s u a l l y  have a 
s l i g h . t l y  g r e a t e r  maximum l i f t  th.an those w i t h .  a t r a i l i n g  edge 
s ta l l .  A t  t h e  s t a l l ,  however, th.ere i s  a l a r g e  sudden  drop 
i n  l i f t  a s s o c i a t e d  w i t h  an abrupt  separat ion of the flow from 
the  upper   surface  near  i t s  leading  edge. The sepa ra t ion  i s  
a t t r i b u t e d  t o  t h e  b e h a v i o r  of the upper surface boundary layer.  
A t  an angle  of  a t tack w e l l  below t h a t  f o r  maximum l i f t  th.e 
boundary layer, which i s  laminar  a t  the  t i m e ,  s epa ra t e s  from th .e  
u p p e r  s u r f a c e  q u i t e  c l o s e  t o  th.e nose, becomes turbulent  and 
r e a t t a c h e s  t o  t h e  s u r f a c e .  The loca l i zed   r eg ion  of  separated 
flow i s  r e f e r r e d  t o  a s  a "laminar separation bubble1' ,  Up t o  
t h e  a n g l e  a t  which the bubble forms th.e boundary layer behaves 
t h e  same a s  f o r  a i r f o i l s  h a v i n g  t r a i l i n g - e d g e  s e p a r a t i o n .  The 
d i f f e r e n c e  a t  h igher  angles  i s  due p r i m a r i l y  t o  t h . e  nose radius .  
A s  the  angle  of a t t a c k  i s  fu r the r  i nc reased ,  t he  l amina r  
s epa ra t ion  po in t  moves forward where the loca l  cu rva tu re  i s  
g r e a t e r .  At s t a l l  t h e  main flow cannot expand rapidly enough 
for  reat tachment  and a sudden and complete disruption of t h e  
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Figure 1. - Representative Lift Curves. 
(Reproduced from Reference 13). 
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flow  takes  place.  As  the  nose  radii  of  airfoils  normally 
decrease  with  thickness  leading-edge  stall  is  more  likely  to 
occur  with  airfoils  with  thickness  ratios  of  12% or less.  This 
type  of  stall  is  considered to be the most undesirable .  
2.6.3 Type 3 - Thin  Airfoil  Stall 
This  type  of  stall  occurs on all  sh,arp  leading-edge  airfoils 
(regardless of thickness  ratio)  and  may  also  be  encountered on 
rounded  leading  edge  airfoils  with  sufficiently  low  thickness 
ratios e.g. t/c49%.  As  can  be  noted  from  Figure 1, the  airfoils 
with  Type 3 stall  have  substantially  lower  values  of  maximum  lift 
coefficients  than  those  associated  with  the  airfoil  types 
discussed  above. 
The  type  3  stall  is  characterized  by  flow  separation  from 
the  leading  edge  with  subsequent  reattachment  further  downstream. 
The exact  mechanism  of  flow  reattachment  is  not  clearly  understood. 
Experimental  observations  have  shown  that  at  low  angles  of  attack 
the  flow  reattaches  to  the  upper  surface  of  the  airfoil  at  a 
short  distance  behind  the  leading  edge  and  stays  attached  up  to 
the  trailing  edge  without  further  separation.  With  increase  in 
angle  of  attack,  the  point  of  flow  reattachment  progressively 
moves  toward  the  trailing  edge  and  the  stall  is  fully  developed 
when  the  reattachment  point  occurs  approximately  at  the  trailing 
edge. 
Figure 2, reproduced  from  Reference 14, more  clearly  delin- 
eates  the  types  of  stall  discussed  above  and  indicates  some  basis 
for  a  correlation  between  stalling  characteristics,  Reynolds 
number  and  leading  edge  shape. 
2.7 WING  PLANFORM  EFFECTS 
In the  design  of  the  wing  for  stalling  characteristics,  wing 
planform  is  as  important  as  the  characteristics  of  the  airfoil 
sections.  Probably  the  most  important  planform  parameters  are 
the  aspect ratio,  taper  ratio,  and  the  sweep  and  twist  angles  if 
either  is  used.  They  have  an  important  influence  on  airplane 
performance  and  wing  weight  as  well  as  the  stalling  characteris- 
tics. Therefore,  effective  compromises  between  these  parameters 
must  be  made  to  obtain  the  required  performance,  handling  qualities 
and  structural  integrity  of  the  airplane. 
The aspect  ratio  for  a  given  wing  area  will  directly  affect 
the  wing  span. Low aspect  ratio  and  short  span  are  conducive 
to maneuverability  for an aircraft  intended  for  aerobatics.  High 
aspect  ratios  are  attractive  from  the  point f view of 
maximum  aerodynamic  efficiency or L/D. However,  an  increase in 
aspect  ratio  generally  results  in  an  increase  of  wing  root 
bending  moments  and  probably  wing  weight.  One  fact  that  should 
31 I I I I I 
I I - I !  aioo O I 0  I 
7 
6 
?. " 
5 I "I 
oThinLairfoilstall. 
Leading-edge  stall. 
A Combined leading- 
edge and.trailing- 
edge stall. 
o Trailing-edge  stal I. 
I I 
"railing-edge stall 
Sombined leading-edg 
and trailing-edge stal 
"t-" 
1 "- 
" I 
.4 .8 1.2  1.6  2.0 2.4  2.8  3.2  3.6 
Upper-surface  ordinate at O.Or25 chord, percent chord 
Figure 2. - The Low-Speed S t a l l i n g  Ch.aracteristics o f  
A i r fo i l  Sec t ions  Cor re l a t ed  With Reynolds 
Number and t h e  Upper-Surface Ordinates of 
t h e  A i r f o i l  S e c t i o n s  a t  t h e  0.0125-Ch,ord 
Station.  (Reproduced  from  Reference 14). 
12 
be  cons ide red  r e l a t ive  to  the  compromise between maximum L/D 
and wing root bending moment i s  t h a t  t h e  l i f t  c o e f f i c i e n t  a t  
which maximum L/D i s  a t t a ined  a l so  inc reases  wi th  a spec t  r a t io .  
The per formance  charac te r i s t ic  most  a f fec ted  by maximum L/D i s  
t h e  a i r c r a f t  r a n g e .  F o r  p e r s o n a l  a i r c r a f t  w i t h  r e l a t i v e l y  
l i g h t  wing loadings operat ing a t  a l t i t u d e s  below 10,000 feet ,  
t he  speed  fo r  maximum range may be  too  s low to  make i t  an 
a t t r a c t i v e  cruise speed. The increase i n  t h e  v a l u e  of t h e  
m a x i m u m  L/D obtained by i n c r e a s i n g  t h e  a s p e c t  r a t i o ,  t h e r e f o r e ,  
may be of l i t t l e  p r a c t i c a l  use. In  f a c t ,  i f  t he  L/D i s  much 
i n c r e a s e d  f o r  t h e  l i f t  c o e f f i c i e n t s  u s e d  i n  t h e  a p p r o a c h  g l i d e ,  
t h e  e f f e c t  may be t o  f l a t t e n  the approach path,  make judgment 
of t he  l and ing  po in t  more d i f f i c u l t  and give the airplane a 
t endency  to  " f loa t "  a f t e r  t he  l and ing  f l a r e .  Th i s  s t a t emen t  i s  
in t ended  on ly  to  imp ly  tha t  i nc reases  in  a spec t  r a t io  do not  
n e c e s s a r i l y  l e a d  t o  improved  aerodynamic  performance.  Improved 
performance may be  be t t e r  ob ta ined  by a reduct ion  of  fuse lage ,  
engine and landing gear drag. 
Taper i s  normally employed t o  i n c r e a s e  t h e  wing chord and 
spar  depths  a t  the wing root and, hence,  offset  the adverse 
we igh t  e f f ec t s  o f  i nc reas ing  the  a spec t  r a t io .  A t  the  same t i m e  
i t  inc reases  wing t o r s i o n a l  r i g i d i t y  which i s  an important 
s t r u c t u r a l  c o n s i d e r a t i o n .  Wings can  be  t ape red  e i the r  i n  
th i ckness  o r  planform or i n  any combination of both. When COm- 
b ined  taper  i s  incorporated i n  t h e  wing  and s t r a i g h t  l i n e  S u r f a c e  
f a i r i n g  i s  u s e d  f o r  s t r u c t u r a l  s i m p l i c i t y ,  a i r f o i l  s e c t i o n s  b e -  
tween  th.e f a i r i n g  s t a t i o n s  may b e  s l i g h t l y  d i s t o r t e d .  
Sweep s h i f t s  t h e  aerodynamic center of t he  wing fore-and- 
a f t  r e l a t i v e  t o  t h e  wing root.   Small  amounts  of i t  can  therefore  
be used to  adjust  the longi tudinal  aerodynamic balance o r  t o  
improve  the  pos i t i on  o f  t he  a i r c ra f t  cen te r  of g r a v i t y  r e l a t i v e  
t o  t h e  main landing gear .  
Wing t w i s t  a f f e c t s  t h e  s p a n  l o a d  d i s t r i b u t i o n  by changing the 
l o c a l  s e c t i o n  a n g l e  of a t t a c k  a l o n g  t he  w i n g  s p a n .  
Negative wing t w i s t  o r  washout may be  used  e f f ec t ive ly  to  move 
t h e  s t a l l i n g  p o i n t  i n b o a r d .  
High- l i f t  devices  such  as leading  edge  s lo ts  o r  t r a i l i n g  
e d g e  f l a p s ,  i f  t h e y  are i n s t a l l e d  a c r o s s  t h e  f u l l  s p a n ,  i n f l u e n c e  
t h e  wing s t a l l  on ly  th rough  the i r  e f f ec t  on t h e  s e c t i o n  l i f t  
c h a r a c t e r i s t i c s .   R a r e l y ,  however, are e i t h e r   l e a d i n g   e d g e   s l o t s  
o r  t r a i l i n g  e d g e  f l a p s  u s e d  o v e r  t h e  e n t i r e  wing span.  Leading 
edge  s lo t s  ove r  t he  t i p  po r t ion  o f  t he  wing w e r e  one o f  t h e  f i r s t  
means t r i e d  f o r  improving  the  wing  s ta l l ing  charac te r i s t ics .  Such 
s l o t s  increase the  angle  of s ta l l  o f  t h e  t i p  s e c t i o n s  o f  t h e  
o rde r  of ten degrees .  Much experimentation w t t h  r e l a t i v e l y  
s imple  f ixed  s lo t s ,  a s  w e l l  as wi th  the  movablc Handley-Page type, 
l ed  to  the  ea r ly  conc lus ion  th . a t  ne i the r  t he  complex i ty  
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and cos t  o f  the  au tomat ic  s lo t s  nor  the  drag  penal ty  of t h e  
f i x e d  s l o t s  w e r e  war ran ted  fo r  small pe r sona l  a i r c ra f t .  The re  
has been a r e c e n t  r e v i v a l  of interest  i n  movable leading edge 
devices  for  the  t ip  por t ions  of  the  wings  of  h igh-speed ,  swept -  
wing commercial and m i l i t a r y  a i r c r a f t  where t h e i r  u s e  can be 
economica l ly  jus t i f ied .  
Flaps are u s u a l l y  i n s t a l l e d  i n b o a r d  of t h e  a i l e r o n s .  They 
d e p r e s s  t h e  a n g l e  o f  a t t a c k  f o r  z e r o  l i f t  o f  t h e  a i r f o i l s  t o  
which they are a t tached  whi le  having  only  a secondary effect  on 
the  s t a l l  angle .   Inboard   f laps ,   therefore ,   have   the   e f fec t   o f  
a discont inuous wing t w i s t  w i th  wash- in  s t a r t i ng  a t  t h e  f l a p  end. 
A p p l i c a t i o n  o f  t h e  s i m p l e  l i f t i n g  l i n e  t h e o r y  as descr ibed 
in  Reference 15 t o  p r e d i c t  t h e  s t a l l i n g  c h a r a c t e r i s t i c s  o f  
flapped wings w i l l  i n d i c a t e  a d i scon t inu i ty  in  the  spanwise  
d i s t r i b u t i o n  o f  m a x i m u m  s e c t i o n  l i f t  c o e f f i c i e n t  and an assoc- 
i a t e d  i n i t i a l  s t a l l  a t  the  end  of  the  f lap.  Inasmuch a s  t h i s  
d i scon t inu i ty  does  no t  ex i s t  i n  three  d imens iona l  f low,  ear ly  
a t t e m p t s  t o  p r e d i c t  t h e  s t a l l i n g  c h a r a c t e r i s t i c s  o f  f l a p p e d  
wings (Reference 1 6  and 1 7 )  by t h e  method  of  Reference 15, d i d  
no t  y i e ld  good correlat ion  with  experiment .   Subsequent ly ,  
a f a r  more r e l i a b l e  method o f  app ly ing  the  l i f t i ng  l i ne  theo ry  
was developed  (Reference 2 ) .  The l a t t e r  method p r e d i c t s  t h e  
p o i n t  o f  i n i t i a l  s t a l l  q u i t e  w e l l  and i s  d e s c r i b e d  i n  d e t a i l  
i n   S e c t i o n  4 of t h i s   r e p o r t .  
2.8 CONSTRUCTION TOLERANCES - @D SURFACE IRREGULARITIES - 
I n  most c a s e s  t h e  f i n a l  wing design represents a compromise 
among the  bes t  d imens ions  for  per formance ,  s ta l l  charac te r -  
i s t i c s  and s t ruc tura l  weight ,  a l though occas iona l ly  some 
importance may be  given  to  appearance.   Curved  leading  edges,  
t a p e r  and sweep can add t o  t h e  a t t r a c t i v e n e s s  of a design and 
give the impression of speed. While such  fea tures  s o  used may 
no t  necessa r i ly  pena l i ze  the  des ign ,  t he i r  impac t  on  f l i gh t  
s a fe ty  and  cons t ruc t ion  cos t s  shou ld  be  ca re fu l ly  s tud ied .  
No adequate  method of  def ining ei ther  the permissable  
dev ia t ions  of t h e  a i r f o i l  o r d i n a t e s  from t h e i r  s p e c i f i e d  v a l u e s  
or the permissable degree of surface roughness and waviness has 
been  devised.  Reference 5 g ives  some gene ra l   gu ide   l i nes  
concerning the surface condi t ions and cons t ruc t ion  to l e rances  
t h a t  must be adhered to in order to achieve extensive regions 
of laminar   f low  a t  low v a l u e s  o f  t h e  l i f t  c o e f f i c i e n t .  I n  
gene ra l ,  i t  would appear  tha t  i-f values of c l m a x  comparable t o  
those presented i n  Reference 5 a r e  t o  be achieved,  the surface 
condi t ions  and  cons t ruc t ion  to le rances  over  t h . e  forward upper 
surface of th.e a i r f o i l  ( a p p r o x .  0 t o  10% chord) should be at  
l e a s t  a s  good a s  those  ind ica t ed  in  the  r e fe rence .  A s  sh.own 
by t h e  r e s u l t s  of Reference 18 "very small errors  i n  a i r f o i l  
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contour ,  par t icu lar ly  a round the  lead ing  edge ,  could  cause  
l a rge  changes  in  the  s t a l l i ng  ang le  o f  a t t ack  and  the  r e su l t i ng  
value of maximum l i f t  c o e f f i c i e n t . "  
The adv i sab i l i t y  o f  app ly ing  the  s ta l l  analysis  procedure 
i n  the  ea r ly  s t ages  o f  t he  a i rp l ane  des ign  canno t  be  ove r -  
emphasized.  This s t a l l  analysis   procedure relies on the  use  
o f  p u b l i s h e d  a i r f o i l  s e c t i o n  d a t a  c h a r a c t e r i s t i c s .  The des igner  
i s  warned ,  t he re fo re ,  t ha t  un le s s  t he  a i r c ra f t  as f i n a l l y  
c o n s t r u c t e d  i n c o r p o r a t e s  a i r f o i l  s e c t i o n s  t h a t  are approximately 
equa l  i n  con tour  and  surface c o n d i t i o n  t o  t h o s e  u t i l i z e d  i n  
obta in ing  the  two-dimens iona l  a i r fo i l  sec t ion  da ta ,  the  ca lcu la ted  
s t a l l i n g  c h a r a c t e r i s t i c s  w i l l  not  necessar i ly  be comparable  to  
those encountered on t h e  f l i g h t  v e h i c l e .  
2.9 WING-FUSELAGE FAIRINGS 
One of t he  more impor t an t  s t ruc tu ra l  cons ide ra t ions  a f f ec t ing  
a i r c r a f t  s t a l l  i s  t h e  f a i r i n g  between t h e  wing and fuselage. 
The method of Multhopp used f o r  c a l c u l a t i n g  t h e  e f f e c t  of t h e  
fuse lage  on t h e  wing l i f t  on ly  accoun t s  fo r  changes  in  loca l  f l ow 
angles  of  the  root  sec t ions  due  to  presence  of  the  fuse lage .  
N e i t h e r  t h i s  method nor any o the r  method cons idered  in  the  course  
of t h i s  s tudy  adequa te ly  t r ea t s  t he  mod i f i ca t ion  of  the surface 
pressures  on t h e  wing and fuselage as a resu l t  o f  the  mutua l  
i n t e r f e r e n c e .  Such changes  seriously  influence  the  boundary  layer 
a t  the junct ion and can cause premature separat ion of the  main 
flow. The tu rbu lence  in  the  wake behind  the  separated  region 
may i n t e r s e c t  t h e  t a i l  p l a n e  where it  may induce vibratory loads 
which i f  mi ld ,  can  be  used  as  s ta l l  warn ing .  It may, however, 
r e s u l t  i n  v i b r a t i o n s  s e v e r e  enough t o  i m p a i r  t h e  s t r u c t u r a l  
i n t e g r i t y  o f  t h e  a i r c r a f t .  The violence  of   the  vibrat ions  depends 
on the  ex ten t  of th.e separa ted  reg ion  and  the  loca t ion  of t h e  
h o r i z o n t a l  t a i l  r e l a t i v e  t o  wake. 
Wing f u s e l a g e  f l o w  i n t e r a c t i o n  e f f e c t s  l a r g e l y  depend on t h e  
p o s i t i o n  of t h e  wing r e l a t i v e  t o  t h e  f u s e l a g e .  For the  h igh  
wing p o s i t i o n ,  where the influence of the fuselage is  confined 
to  the  lower  less c r i t i c a l  s u r f a c e  of t h e  wing t h e s e  e f f e c t s  
a r e  qu i t e  sma l l .  The  low  wing pos i t i on  wi th  the  wing tangent  to  
the  fuse l age  in t roduces  the  l a rges t  w ing- fuse l age  in t e rac t ion  
e f f e c t s  which increase as the angle between the wing-fuselage 
su r faces  becomes  more acute .  
The wing-fuse lage  f low in te rac t ion  can  be  to  some degree 
c o n t r o l l e d  by the shape and s i z e  of t h e  r o o t  f a i r i n g s  a s s o c i a t e d  
with each wing posit ion.  The high wing p o s i t i o n  d i c t a t e s  a 
minimum amount of f a i r i n g  from aerodynamic considerations, 
whereas f o r  t h e  low wing p o s i t i o n  a cons iderable  amount of 
f a i r i n g  may be  requi red  to  ensure  proper  f low condi t ions  on the  
upper   surface of t h e  wing c lose   to   the   fuse lage .   Also ,   carefu l  
considerat ion should be given to  the chord-wise shaping of 
1 5  
t h e  wing r o o t  f a i r i n g ,  s i n c e  i t  effects the expansion of the 
flow over the a f te r  por t ion  of  the  junc t ion .  The chord-wise 
shape of  the root  fa i r ing largely depends on the  fore-and-af t  
pos i t i on  o f  t he  wing  r e l a t ive  to  the  fuse l age  maximum diameter. 
Since the geometry of  the wing-root  fa i r ings cr i t ical ly  
depends on d e t a i l  d e s i g n  of the junc t ion  there are no e s t a b l i s h e d  
t h e o r e t i c a l  methods by which the  s ize  and  shape  of  the  wing- 
root f a i r ings  can  be  p red ic t ed .  Some empir ica l  des ign  rules, 
which can be employed f o r  t h i s  p u r p o s e  are presented i n  
References 19. However, i t  i s  gene ra l ly  recommended t h a t  
t h e  f i n a l  s i z e  and shape of  the wing-root  fa i r ings be determined 
by an experiment  e i ther  i n  a wind tunnel  or i n  f l i g h t .  
The fair ing problems discussed above are similar t o  t h o s e  
assoc ia ted  wi th  the  nace l les  of  wing-mounted engines.   Location 
of t h e  n a c e l l e s  c l o s e  t o  t h e  f u s e l a g e  may r e s u l t  i n  some 
add i t iona l  i n t e rac t ion  e f f ec t s  o f  t he  nace l l e - fuse l age  f low 
f i e l d s .  However, t he   p rope l l e r   r ad ius   r equ i r emen t s   gene ra l ly  
ensure suff ic ient  spacing between the nacel les  and the fuselage 
t o  p revent  se r ious  in te rac t ion .  
2.10 PROPELLER  SLIPSTREAM  CONSIDERATIONS -~ ____ 
Another  important  considerat ion of  a i rplane s t a l l  i s  t h e  
e f f e c t  of t h e  p r o p e l l e r  s l i p s t r e a m  i n  power-on f l i g h t .  T h i s  
e f f e c t  i s  in t roduced  through an  increase  of  the  loca l  ve loc i ty  
over the wing immersed i n  t h e  s l i p s t r e a m  and the change of wing 
loca l  ang le  o f  a t t ack  due  to  s l i p s t r eam ro ta t ion .  
The i n c r e a s e d  v e l o c i t y  t e n d s  t o  s t a b i l i z e  t h e  f l o w  o v e r  t h e  
wing  immersed i n  t h e  s l i p s t r e a m .  The r o t a t i o n  w i t h i n  t h e  s l i p -  
stream t e n d s  t o  increase t h e  l o c a l  a n g l e  of a t t ack  o f  t he  wing 
sect ions behind the upgoing propel ler  blades and decrease the 
loca l  ang le  o f  a t tack  behind  the  downgoing blades.  The o v e r a l l  
e f f e c t  i s  usual ly   that   of   promoting  an asymmetrical s t a l l .  The 
s t a l l  of t h a t  p o r t i o n  o f  t h e  wing behind the upgoing blades i s  
hastened whereas that behind the domgoing blades i s  delayed. 
I n  t h e  case of a s ing le  eng ine  a i rp l ane  the  asymmetrical s t a l l  
can promote serious wing dropping tendencies when the  a i rp l ane  
i s  o p e r a t i n g  i n  t h e  v i c i n i t y  o f  CLmax. Reference 8 p re sen t s  t he  
resul ts  of  extensive experimental  observat ions of  the effect  of  
p rope l le r  opera t ion  on  wing s t a l l i n g .  It i s  i n t e r e s t i n g  t o  
note ,  from t h e  r e s u l t s  p r e s e n t e d  t h e r e i n ,  t h a t  i n  t h e  case of  
one  of t he  s ing le  eng ine  a i rp l anes  inves t iga t ed ,  t he  ac t ion  of 
the  propel le r  in  promot ing  an  asymmetrical s t a l l  i s  more adverse 
a t  t h e  e n g i n e  i d l e  power condi t ion  (Tc  = 0) than a t  t h e  power-on 
condi t ion  inves t iga ted  (Tc = 0 . 2 ) .  I n  t h e  case of  another  s ing le  
eng ine  a i rp l ane  inves t iga t ed ,  t he  e f f ec t  o f  power w a s  i n  t h e  
r eve r se  o rde r s  
The e f f e c t s  of t h e  a s y m m e t r i c a l  s t a l l i n g  i n  t h e  c a s e  of 
m u l t i - e n g i n e  a i r c r a f t  c a n  n o t  b e  c l e a r l y  d e f i n e d  p r i m a r i l y  due 
t o  t h e  f a c t  t h a t  t h e s e  e f f e c t s  are largely dependent  on a spec- 
i f i c  combinat ion of  var ious geometr ic  parameters  re la ted to  each 
a i r c r a f t  . 
2.11 STABILITY ~~ AND CONTROL CONSIDERATIONS 
In t h e  above discussion of  a i rplane s t a l l  c h a r a c t e r i s t i c s ,  
it i s  assumed t h a t  t h e  a i r c r a f t  i s  i n  a s teady unyawed trimmed 
f l i g h t ,  and t h a t  t h e  s t a l l  i s  developed  th.rough. a gradual  increase 
of a i rp lane   angle   o f   a t tack .  However, t he   s t ead iness  of a c t u a l  
f l igh t  depends  on t h e  l o n g i t u d i n a l  s t a b i l i t y  of t h e  a i r c r a f t ,  th.e 
c o n t r o l  e f f e c t i v e n e s s ,  t h e  r a t e  a t  which.  t h e  p i l o t  moves th .e  
c o n t r o l  s t i c k  and the atmospheric turbulence.  
With re ference  to  a tmospher ic  tu rbulence ,  l i t t l e  can  be  done 
i n  des ign  to  reduce  i t s  e f f e c t  on t h e  s t a l l .  Even assuming 
t h a t  th.e a i r p l a n e  s t a b i l i t y  and c o n t r o l  are adequate ,  severe  tur-  
bulence can upset  any a i r c r a f t  and t h e r e f o r e  i t  should be avoided 
where poss ib le .   In   an   unavoidable   f l igh t  i n  turbulent  weath.er,  
t he  Fede ra l  Regu la t ions  r equ i r e  the  p i lo t s  of commercial a i r l i n e s  
t o  f l y  t h e  s p e c i f i c  a i r p l a n e  a t  i t s  designated speed low enough 
t o  min imize  the  s t ruc tura l  loads  due  to  the  gus ts ,  bu t  h igh  
enough t o  a s su re  tha t  t he  ang le  of attack change produced by t h e  
probable maximum upward gus t  w i l l  n o t  s t a l l  t h . e  a i r c r a f t .  The 
des igner  of the  pr iva te  a i rp lane  can  only  sugges t  tha t  h . i s  c u s t -  
omers fol low a s i m i l a r  p r a c t i c e .  
I n  a d d i t i o n  t o  t h e  a n g l e  of a t tack ch.anges,  gust iness  w i l l  
i nduce  ro l l i ng  and yawing motions t h a t  c a n  r e s u l t  i n  p r e m a t u r e  
unsymmetrical  wing s t a l l  and  sudden r o l l - o f f .  T h e  danger  depends 
on t h . e  s t a l l  margin of t h e  wing  and  on t h . e  l a t e r a l  s t a b i l i t y  of 
t h e  a i r c r a f t .  One of the   requi rements   for  good l a t e r a l  s t a b i l i t y  
i s  an  adequate f i n  a r e a .  The  r e l a t i o n  between  th.e f i n  a r e a  and 
t h e  wing dihedral angle determines wheth.er the yawing o r  r o l l i n g  
component  of th.e l a t e r a l   o s c i l l a t i o n   p r e d o m i n a t e s .  The occurrence 
of l i g h t  o s c i l l a t i o n s  a s  s t a l l  i s  approach.ed has been suggested 
a s  an   acceptab le   s ta l l   warn ing .  T h i s  ph.enomenon i s  usua l ly  
a s soc ia t ed  w i t h  a r educ t ion  of f i n  e f f e c t i v e n e s s  a t  l a r g e  wing 
angles  of  a t tack and i s  caused by b lanket ing  of the lower port ion 
of th.e f i n  by the fuselage or  submersion of  th.e f i n  i n  a  low- 
energy wing wake. 
Th.e l o n g i t u d i n a l  s t a b i l i t y  and th.e e l e v a t o r  e f f e c t i v e n e s s  
combine t o  d e t e r m i n e  t h e  s t i c k  movement r e q u i r e d  a t  d i f f e r e n t  
p a r t s  of the  speed  range.   In   general ,   h igh.-wing  posi t ions  resul t  
i n  more l o n g i t u d i n a l  s t a b i l i t y  a t  low speeds th.an at high. speeds. 
Low-wing pos i t ions   p roduce   the   oppos i te   e f fec t .  Th.e e l e v a t o r  
e f f e c t i v e n e s s  v a r i e s  w i t h  t h e  r e l a t i v e  p r o p o r t i o n s  of t he  e l eva -  
t o r  and s t a b i l i z e r ,  and it d e c r e a s e s  a f t e r  t h e  a n g l e  of t h e  
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e leva tor  exceeds  a c r i t i ca l  angle. Hence, f o r  an inc reas ing  ra te  
of s t i c k  movement as t h e  s t a l l  speed i s  approached, as suggested 
f o r  s ta l l  warning, the high-wing configuration w i t h .  a small 
e l e v a t o r  i s  more des i r ab le .  
There are, however, a cons iderable  number of o t h e r  f a c t o r s  
a f f e c t i n g  t h e  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  which. i n  t u r n  
in f luence  the  a i rp l ane  s ta l l .  The sub jec t  i s  too  complex f o r  a 
short  comprehensive treatment i n  t h i s  r e p o r t .  Among o t h e r s ,   t h e  
a i rc raf t  s t a b i l i t y  and c o n t r o l  i s  a f f e c t e d  by t h e  s i z e ,  l o c a t i o n  
and type  of f l a p s ;  the wing w a k e  and i t s  p o s i t i o n  r e l a t i v e  t o  
the  ho r i zon ta l  t a i l ;  t h e  o r i e n t a t i o n  o f  t he  p rope l l e r  s l i p s t r eam 
r e l a t i v e  t o  b o t h  t h e  h o r i z o n t a l  and v e r t i c a l  t a i l s  and the ver t -  
i ca l ,  as w e l l  as the  fore-and-af t ,  pos i t ion  of  th .e  center of  
gravi ty .   These  and  other  fac tors  a re  adequa te ly  t r ea t ed  in  the 
a v a i l a b l e  technical l i t e r a t u r e ,  e. g.  References 2 0  and 21 .  
2 .12  FLIGHT  VERIFICATION AND CERTIFICATION 
The t h e o r e t i c a l  meth.ods  and th.e  design procedures ,  presented 
i n  th i s  r epor t  shou ld  r easonab ly  w e l l  p r e d i c t  th .e  s t a l l i n g  
c h a r a c t e r i s t i c s  o f  unswept  wing a i r c r a f t ,  p a r t i c u l a r l y  f o r  g l i d i n g  
f l i g h t  such. as i n  th.e landing  approach.  Since t h . e s e  methods  and 
procedures are based upon a number of  s implifying assunpt ions,  
i t  i s  always advisable t o  v e r i f y  t h e  t h e o r e t i c a l  p r e d i c t i o n s  by 
a c t u a l  f l i g h t  tests.  
Th.e tes t  procedures  to  be fol lowed are s p e c i f i e d  i n  t h e  
Federa l  Avia t ion  Regula t ions  for  Cer t i f ica t ion  Demonst ra t ions  
c i t e d  ear l ier .  If t h . e  t es t s  show  a need t o  improve t h e  a i r c r a f t  
s t a l l i n g  c h a r a c t e r i s t i c s ,  a f l o w  v i s u a l i z a t i o n  t e c h . n i q u e ,  u t i l i z -  
i n g  t u f t s  i s  o f t e n  employed i n  g a i n i n g  an unde r s t and ing  o f ' t he  
f low  def ic ienc ies .  Th.e t u f t s  which are normally  short   lengths  
o f  s t r ing  a t t ached  a t  i n t e r v a l s  on the upper surface of the wing 
and sometimes  on t h e  s i d e s  o f  t h . e  fuselage,  can be observed and/ 
or photographed from within the t e s t  a i r c r a f t  or t h e  chase plane.  
The f low pa t t e rns  ind ica t ed  by the t u f t s  w i l l  def ine  a reas  of 
a t tached  and separated f lows and can show the spanwise or chord- 
w i s e  l o c a t i o n  of i n i t i a l  f l o w  breakdown  and th.e  r a t e  a t  which .  
separa t ion  increases  w i t h .  smal l  decreases  in  speed .  
Th.e t u f t  s t u d i e s ,  t h e  m o t i o n s  a f t e r  i n i t i a l  s t a l l  and t h e  
s t a l l - r e l a t e d  v i b r a t i o n s  f e l t  i n  t h e  structure and t h e  c o n t r o l  
system w i l l  gene ra l ly  ind ica t e  the des ign  changes  requi red  for  
improving t h e  s t a l l i n g  c h . a r a c t e r i s t i c s  a f t e r  t h e  a i rp lane  has  
been  bu i l t .  No attempt w i l l  be made t o  l i s t  or d i s c u s s  a l l  t h e  
p o s s i b i l i t i e s  i n  t h i s  r e p o r t .  
One p o s s i b i l i t y  i s  t h . a t  a p a r t  of th .e  wing w i l l  s t a l l  sudden- 
l y  with almost no warning. T h i s  t ype  o f  s t a l l  can  occur  wi th  
a i r f o i l s  e x h . i b i t i n g  l e a d i n g  edge s t a l l  and w i t h  wing proportions 
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(11 y i e l d i n g  low s t a l l  margins a t  th .e  s e c t i o n s   c l o s e   t o   t h e   p o i n t  
of i n i t i a l  f l o w  breakdown. Interference  between  the  f lows  over  
ad jacent  sec t ions  promotes  separa t ion  which. can spread across  
t h e  wing ve ry  r ap id ly .  The  means  most used f o r  improving the 
s t a l l i n g  c h a r a c t e r i s t i c s  i n  s u c h  a case i s  t h e  i n s t a l l a t i o n  of 
a t r iangular-sh.aped project ion or spo i l e r ,  F igu re  3 ( a ) ,  f o r  a 
sho r t  d i s t ance  a long  tha t  pa r t  o f  t he  l ead ing  edge  ove r  which an 
earlier s t a l l  i s  des i r ed .   A t t a inmen t   o f   s a t i s f ac to ry   s t a l l i ng  
w i l l  gene ra l ly  r equ i r e  a t r ia l -and-er ror  procedure ,  vary ing  th.e 
span and spanwise location of th.e spoi le r  and  i t s  r a d i a l  l o c a -  
t i o n  a t  the leading edge.  It may b e  d i f f i c u l t  t o  o b t a i n  a con- 
f igu ra t ion  o f  t he  spo i l e r  wh ich  i s  effective w i t h  f u l l  power bu t  
n o t  t o o  e f f e c t i v e  when power i s  reduced.  Spoi lers  of  t h . i s  type 
can  increase  th . e  power-off minimum speed by an objectionable 
amount  and produce  la rge  v ibra t ions  of  the  wing ,  s tab i l izer  or 
fuselage.  
The o the r  ex t r eme  poss ib i l i t y  i s  a roo t  s t a l l  s t a r t i n g  w e l l  
above t h e  minimum speed. The assoc ia ted  th . ick  turbulen t  wake, 
i f  it impinges on th.e  t a i l ,  w i l l  produce s t a l l  warning, but may 
a l s o  make it i m p r a c t i c a l  t o  f l y  t h e  a i r p l a n e  i n  th .e  speed range 
r e q u i r e d  f o r  t h . e  landing  approach. If t h e  r o o t  f i l l e t  i s  prop- 
e r ly  des igned  it  may be necessary t o  modify the wing leading 
edge  of  the  root  sec t ions  to  increase  their  forward camber and 
reduce t h . e i r  e f f e c t i v e  a n g l e s  o f  a t t ack .  One such. leading  edge 
modi f ica t ion  i s  shown i n   F i g u r e   3 ( b ) .  It i s  frequent ly   necessary 
t o  t a i l o r  th .e  leading edge modif icat ion such. th.at a small  vibra-  
t ion  remains  f o r  s t a l l  warning. Such modif icat ion may be u t i l -  
i zed  t o  c o n t r o l  th .e  asymmetrical s t a l l  t h a t  sometimes occurs 
w i t h i n  th .e  p rope l l e r  s l i p s t r eam.  
Th.e ac tua l  cases are r a r e l y  a s  c l e a r c u t  a s  t h e  two j u s t  
discussed and t h e  r e a s o n  f o r  p o o r  s t a l l i n g  charac te r i s t ics  i s  
of ten not  c lear ly  understood.  During World War 11, many a i r c r a f t  
w i th  conf igu ra t ions  s imi l a r  t o  those  of  cur ren t  pr iva te  owner 
des igns  h.ad t o  undergo post-design s t a l l  improvement t e s t i n g .  
Many of t h . e s e  cases are i n  t h e  l i t e r a t u r e  and h.ave been included 
i n  t h e  b i b l i o g r a p h y  p r e s e n t e d  i n  t h i s  r e p o r t .  
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(a) Sharp  Leading Edge S t r i p  t o  Hasten S t a l l .  
(b )  Modified Nose Radius  and Camber t o  Delay S t a l l  
Figure 3. - Wing Leading Edge Modif icat ions 
f o r  C o n t r o l l i n g  Wing S t a l l .  
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SECTION 3 
THEORETICAL ANALYSIS 
P r e s e n t e d  i n  t h i s  s e c t i o n  i s  a brief review of  the  ava i l ab le  
theo re t i ca l  ana lys i s  wh ich  formed the  bas i s  fo r  deve lop ing  the  
mathematical model and the computer program contained i n  t h i s  
r e p o r t .   S p e c i f i c a l l y ,   i n   s e l e c t i n g   t h e   m o s t   s u i t a b l e   t h e o r e t i c a l  
approaches,  due consideration was g iven  to  the  pas t  work i n  t h e  
f i e l d s  o f  wing theory and wing-body interference theory. The 
s i g n i f i c a n t  c o n t r i b u t i o r s i n  t h e s e  areas and t h e i r  a p p l i c a b i l i t y  t o  
the  p re sen t  program are d iscussed  in  the  fo l lowing  pages .  
3.1 REVIEW O F  THE AVAIWLE THEORIES ~ _ _ _ _ _ _ _  
3.1.1 Wing Theory 
The s implest  wing theory involves  th .e  concept of th . e  l i f t i n g  
l i n e  whereby t h e  wing i s  replaced by a vo r t ex  f i l amen t  f ixed  in  
t h e  wing  and a sys t em o f  t r a i l i ng  vo r t i ce s .  The vortex f i lament  
is  known a s  t h e  bound v o r t e x  o r  l i f t i n g  l i n e .  A t  each point  on 
the  span  the  s t rength  of  the  vor tex  is  p r o p o r t i o n a l  t o  t h e  l o c a l  
i n t e n s i t y  o f  l i f t  a n d  i s  r e l a t e d  t o  i t  through the Kutta-Joukowskf 
l a w ,  which i s  based on the requirement of smooth flow from the 
wing  trailing-edge.  In  accordance  with  the  Helmholtz  theorem  of 
v o r t e x  c o n t i n u i t y  i t  i s  assumed that with each elemental  change 
in  the  spanwise  d i s t r ibu t ion  o f  t he  s t r eng th  of t h e  bound v o r t i c e s  
t h e r e  i s  assoc ia ted  a f r e e  v o r t e x  which i s  shed a t  t h e  wing t r a i l -  
ing edge and which passes downstream with the general mass of the 
f l u i d .  The s t r eng th  o f  t h i s  vo r t ex  i s  equa l  t o  the  inc remen ta l  
change i n  spanwise   c i rcu la t ion .   This   sys tem  of   f ree   o r   " t ra i l ing"  
vo r t i ce s  induces  ve loc i ty  components ( c a l l e d  downwash) a t  t he  wing 
and thus causes a change in  loca l  angles  of  a t tack  of  each  wing 
sec t ion .  
The problem of evaluating the downwash a t  each point i s  
d i f f i c u l t  b e c a u s e  o f  t h e  i n t e r r e l a t i o n  o f  downwash, l i f t  d i s t r i b -  
u t ion  and  wing  p lanform.  Using  the  l i f t ing  l ine  theory  Prandt l  
(Reference 22) obtained a s o l u t i o n  f o r  t h e  case of a wing with an 
e l l i p t i c a l  l i f t  d i s t r ibu t ion .   Glauer t   (Reference  2 3 ) ,  us ing  
Fourier analysis,  developed methods f o r  ob ta in ing  so lu t ions  fo r  
wings  of  any  planform  and t w i s t .  These  methods w e r e  used  by 
Anderson (Reference 15) t o  de t e rmine  the  cha rac t e r i s t i c s  of  wings 
f o r  a wide  range  of  aspec t  ra t ios ,  t aper  ra t ios  and  l inear  t w i s t  
d i s t r i b u t i o n s .  
A l l  of these approaches discussed above involve the assumption 
of a l i n e a r  v a r i a t i o n  o f  s e c t i o n  l i f t  w i t h  a n g l e  o f  a t t a c k .  T h i s  
assumption w a s  n o t  u t i l i z e d  i n  t h e  i t e r a t i v e  methods developed 
by Sherman, Tani, Multhopp, and Boshar (References 2 4  through 27) 
which employ nonlinear section l i f t  d a t a  i n  the computations. 
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Based on these  iterative  methods  Sivells  and  Neely 
(Reference 1) developed  solutions  which  yield  excellent  agree- 
ment  with  the  test  data up to  angles-of-attack  close  to  stall. In 
a  later  paper  Sivells  and  Westrick  (Reference 2) extended  the 
method  of  successive  approximations  to  the  calculation  of  the 
aerodynamic  characteristics  of  wings  with  deflected  flaps or 
ailerons. 
All of  the  above  solutions  and  methods  which  are  essentially 
based upon  the  Prandtl ifting  line  theory are  known  to  be 
inadequate  for  wings  of  aspect  ratio  less  than  about 3 .  F r wings 
of  this  class  the  influence  of  the  chordwise  loading c n  no 
longer  be  neglected  and  resort  must be  made  to  the  general  theory 
of  lifting  surfaces  to  obtain  solutions. 
Lifting  surface  theory  involves  finding  a  potential  flow 
solution  which  satisfies  the  Kutta  condition  all  along  the  span 
while  at  the  same  time  satisfying  the  boundary  condition  that 
there  is  no  flow  through  the  wing  surface. 
Solutions  of  varying  complexity  and  accuracy  have  been 
advanced  by  many  authors.  Early  attempts  were  made  by  Weissinger, 
Mutterperl,  and  Schlichting  (References 28, 29 and 30 to  use 
simplifying  physical  models  for  the  approach  to  the  general 
problem, e.g.  placing  a  lifting  line  at  the  quarter-chord  point 
and  satisfylng  th.e  downwash  condition  at  the  three-quarter-chord 
position.  Falkner  (Reference 31) proposed  a  vortex-lattice 
treatment  of  the  wing  thereby  approaching  a  truly  continuous 
lifting  surface. 
Attempts  to  use  a  continuous  lifting  surface  theory  without 
resort  to  arbitrary  physical  assumptions  or  models  are 
exemplified  by  the  work  of  Garner  (Reference 32 and 3 3 )  and  most 
notably  by  that  of  Multhopp  (Reference 34). 
When  lifting  surface  theory  is  used  to  predict  load  distrib- 
utions  on  high  aspect  ratio  unswept  wings  at  low  angles  of  attack, 
the  results  do  not  differ  significantly  from  those  computed 
using  lifting-line  th.eory. 
However,  to  date,  lifting  surface  theory  has  not  been 
successfully  modified  to  permit  the  use  of  nonlinear  section  lift 
data  and  hence  cannot  be  expected o give  reliable  predictions 
of  load  distribution  at  wing  angles-of-attack  near  the  stall. 
For this  reason  the  lifting-line  theory,  as  modified  and 
presented  in  Reference 2 has  been  chosen  as  the  more 
appropriate  method  and  the  one  which  is  better  suited  to  the 
present  task. 
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3.1.2 Wing-Body ~~ Interference  Theory 
Many methods e x i s t  f o r  t h e  c a l c u l a t i o n  of  a i r  loads  on 
wing-fuselage combinations and these have been summarized by 
Schl ic t ing (Reference 351, and by Flax and Lawrence (Reference 
3 6 ) .  I n  view of t h e  f o r e g o i n g  s e l e c t i o n  o f  l i f t i n g - l i n e  t h e o r y  
t o  c a l c u l a t e  e s s e n t i a l l y  wing cha rac t e r i s t i c s ,  t he  fo l lowing  
d iscuss ion  w i l l  be l i m i t e d  t o  t h o s e  wing-body in t e r f e rence  methods 
which have been developed f o r  use wi th  the  l i f t i ng - l ine  approach .  
The spanwise l i f t  d i s t r i b u t i o n  o v e r  a wing-body combination 
of minimum induced drag w a s  f i r s t   t r e a t e d  by Lennertz (Reference 
3 7 )  f o r  a body cons is t ing  of  a i n f i n i t e l y  l o n g  ci rcular  cy l inder .  
H i s  s o l u t i o n  w a s  genera l ized  by Pepper (Reference 3 8 )  t o  i n c l u d e  
bodies of any cross-section. 
Multhopp (Reference 41,using a conformal mapping technique, 
obtained a s o l u t i o n  f o r  t h e  c a s e  o f  a h igh  aspec t  r a t i o  wing 
mounted  on an  in f in i t e ly  long  cy l inde r  o f  any  shape.  This  method 
may b e  a p p l i e d  i f  a function can be found which. maps t h e  body 
cross-sect ion conformally onto a c i r c l e  o r  a s t r a i g h t  l i n e .  The 
advantage of the method i s  tha t  the  t ransformed cross-sec t ion  
shape automatical ly  becomes a s t r eaml ine ,  t hus  sa t i s fy ing  the  
fuselage boundary conditions.  
An a l te rna t ive  approach  i s  t h a t  f i r s t  u s e d  by Lennertz ( R e f -  
erence 37) i n  which s i n g u l a r i t i e s  i n  t h e  form  of  image v o r t i c e s  
are in t roduced  wi th in  the  fuse l age  c ros s - sec t ion  to  sa t i s fy ,  
approximately,   the  boundary  conditions.   Zlotnick and  Robinson 
(Reference 3 9 )  a p p l i e d  t h i s  method t o  t h e  case of swept wing-body 
combinations with centrally placed wings.  
The use of  the image vo r t ex  method i n  combination with the 
l i f t i n g - l i n e  method of Reference 1 i s  r e s t r i c t e d  t o  wings which 
a r e  c e n t r a l l y  mounted on c i r cu la r  fu se l ages .  Fo r  wings  not 
a e n t r a l l y  mounted the  equat ions  become extremely complex due t o  
t h e  f a c t  t h a t  t h e  image v o r t i c e s  no longer  l i e  on the extended 
plane of the wing within the fuselage.  For o t h e r  t h a n  c i r c u l a r  
c ros s - sec t ions ,  the determinat ion of  the number and  loca t ion  of 
t h e  image v o r t i c e s  i s  d i f f i c u l t .  
Weber, Kirby and Kettle (Reference 401 have modified 
Multhopp's approach t o  account for non-zero wing thickness and 
a p p l i e d  t h i s  method to  low-aspec t - r a t io  swept wings. I n  view 
of t h i s  success and because of i t s  s impl i c i ty  the  Multhopp 
formulation of the wing-body solution (Reference 4) has been 
adopted  here in  ra ther  than  the  more complex method of images 
of Reference 37. 
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3.1.3 Propel le r   S l ips t ream Effects  
A s  pointed out  i n  S e c t i o n  2.10, t h e  p r o p e l l e r  s l i p s t r e a m  
exer t s  an  impor tan t  in f luence  on wing load dis t r ibut ion which 
i n  t u rn  affects the  a i rcraf t  s t a l l  c h a r a c t e r i s t i c s .  
A review of  the technical  l i terature  i n d i c a t e s  t h a t  t h e r e  
are no adequate theoretical  or semi-empirical  methods which 
can  proper ly  account  for  the  e f fec ts  of  propel le r  s l ips t ream on  
the  spanwise  load  d i s t r ibu t ion  o f  t he  en t i r e  wing. Most of  the 
a v a i l a b l e  t h e o r e t i c a l  and experimental  invest igat ions,  e .g .  
References 41through 47  pred ic t  w ing  load  d i s t r ibu t ionsso le ly  
f o r  t h a t  p o r t i o n  o f  t h e  wing immersed i n  t h e  p r o p e l l e r  s l i p -  
stream. This  approach i s  cons idered   to   be   inadequate   for  
p red ic t ing  s t a l l  character is t ics  o f  wings spanning the propeller 
s l ips t ream because  the  por t ions  o f  t h e  wing outside the 
s l ip s t r eam cy l inde r  a re  s t rong ly  in f luenced  by t h e  s l ip-  
stream flow. On the  other  hand,  development  of a mathematical 
model f o r  p r e d i c t i n g  t h e  e f f e c t s  o f  p r o p e l l e r  s l i p s t r e a m  on 
wing load dis t r ibut ion within and outs ide the s l ipstream 
cy l inde r  i s  r a t h e r  complex and i s  considered t o  be outside of 
the scope of  the present  work. 
I n  v iew of  the  above  d i f f icu l t ies ,  i t  w a s  dec ided  to  
temporar i ly  exclude the power e f f e c t  from wing s t a l l  a n a l y s i s .  
However, provisions have been made t o  i n c l u d e  s u c h  e f f e c t s  a t  a 
l a t e r  da t e ,  wh.en r e l i a b l e  t h e o r e t i c a l  methods f o r  p r e d i c t i n g  t h e  
e f f e c t s  of p rope l l e r  s l i p s t r eam on t h e  l o a d  d i s t r i b u t i o n  of t h e  
e n t i r e  wing become ava i lab le .   Therefore ,   in   deve loping   the  
theory presented herein,  the method of Multhopp (Reference 4) 
f o r  wing-body i n t e r f e r e n c e  e f f e c t  a n d  t h e  method of S i v e l l s  
(Reference 2 )  f o r  t h e  i s o l a t e d  wing have been successfully 
cornfined and are p resen ted  in  the  fo l lowing  ana lys i s .  
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3.2 FORMULATION .~ . OF THE ANALYSIS 
3.2.1 Conformal  Transformation of  Wing-Fuselage  Combination - "_ ." - ~ 
A wing i n  the presence of a l i f t i n g  f u s e l a g e ( a B > o )  i s  
sub jec t ed  to  an  upwash which decreases  towards the wing t ips .  
Th i s  upwash h a s  t h e  e f f e c t  of a v a r i a b l e  wing t w i s t ,  which i s  
a func t ion  of fuselage and wing geometr ies ,  fuselage angle of 
a t t a c k  and a i rc raf t  forward  speed .  
The problem of fuselage-wing flow interacgion has been the 
subject  of  numerous i n v e s t i g a t i o n s  i n  the  pas t .  A s  mentioned 
previous ly ,  the  approach  se lec ted  i n  the  p re sen t  ana lys i s  i s  t h a t  
based on Multhopp's   formulat ion.   In  t h . i s  approach,  the wing- 
fuselage combination i s  conformally transformed into an equiv- 
a l e n t  wing  with a v e r t i c a l  s l i t  r ep resen t ing  t h e  fuse lage .  The 
v e r t i c a l  s l i t  i s  a l igned  w i t h .  the  c ross - f low and i s  the re fo re  
au tomat ica l ly  a s t reaml ine .  The t ransformation i s  appl icable  
to  fuse l age  c ros s - sec t ions  which a r e  a p p r o x i m a t e l y  e l l i p t i c a l  
or wh.ich can be transformed to such by t h e  u s e  of o the r  meth.ods. 
I f  t h e  wing i s  n o t  c e n t r a l l y  mounted on the  fuse l age  it 
t r ans fo rms  in to  a s l i g h t l y  c u r v e d  t r a c e  whose curva ture  increases  
wi th  an  inc rease  in  the  ve r t i ca l  d i s t ance  of t h . e  wing r e l a t i v e  
t o  t h e  c e n t e r  of the   fuse lage .   This   in t roduces  an e f f e c t i v e  
d ihedra l  t o  th.e transformed wing, but i t s  e f f e c t  i s  considered 
t o  be small  and i s  t h e r e f o r e  n o t  t r e a t e d  i n  t h . i s  ana lys i s .  
Figure 4 shows the geometry of  a wing-fuselage combination 
i n   b o t h   t h e   r e a l  (u) and  transformed (U) planes.  T h e  d e f i n i t i o n  
of r e a l  and transformed parameters i s  presented i n  th . e  l i s t  of 
symbols. 
T h e  wing l o a d  d i s t r i b u t i o n ,  c1 ( Y )  , in  the u-plane i s  a 
func t ion  o f  t he  loca l  e f f ec t ive  ang le  of a t t a c k  Q e  ( y )  of the  
sect ion  under   considerat ion.  T h i s  e f f e c t i v e   s e c t i o n   a n g l e  o f  
a t tack can be expressed as  fol lows:  
Where U B ,  Q R , and E ( y )  a r e  t h e  body angle of a t tack,  wing-root  
i n c i d e n c e  r e l a t i v e  t o  t h e  body  and the wing section geometric 
t w i s t ,  r e spec t ive ly .  
Th.e angle due t o  body upwash. A a(y) and th.at induced by the  
wing t r a i l i ng  vo r t ex  sys t em ai (y)  can be determined from th.e  
fo l lowing  ana lys i s .  
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Figure 4. Definition of Parameters  for  Transformation 
of Wing-Body Combination 
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ti Using Reference 4,  t h e  wing angle  of  a t tack  due  to  body upwash f o r  z e r o  wing th i ckness  i s  given by: 
where dij/du, i s  t h e  real  par t   of   the   der ivat ive  of   the  conformal  
func t ion  u (u) . For an e l l i p t i c a l  fuselage, t h i s  d e r i v a t i v e  
can be expressed as follows: 
where, 
For a c i r cu la r  fu se l age  equa t ion  
di i  
d u  ( y 2  + h 2 ) 2  R - = l +  
A12(  y2 - h2 ) 
( 3 )  becomes: 
( 5 )  
For wings of non-zero thickness ,  Reference 40 sugges t s  t ha t  t he  
upwash a t  t h e  wing i s  decreased as compared t o  that for wings 
of  zero thickness .  Th . i s  can be  approximately  accounted  for by 
reducing the wing angle  of  a t tack due to  body upwash, A a  (y )  , 
by a f a c t o r  T taken as cons tan t  across  th .e  wing  span. The 
fac tor   can   be   expressed   as  th . e  r a t i o  of   the body c ross - sec t iona l  
area above and below t h e  wing t o  t h e  t o t a l  f r o n t a l  a r e a  o f  t h e  
body.  Thus, i f  t h e  wing i s  not   too   th ick ,   there   fo l lows:  
Thus, f o r  wings of non-zero thickness,  equation ( 2 )  can be 
r e w r i t t e n  as: 
If ,  however, the conformal  funct ion for  the th . ick wing , ( e a )  
could be determined, then equation ( 7 )  would be du T 
27 
Comparing equat ion  (7) and (8) t h e r e  results: 
Equation (9) represents  an approximation t o  t h e  real  p a r t  of 
t h e  d e r i v a t i v e  of the conformal  funct ion appl icable  to  wings 
of  non-zero  th.ickness.  This  equation i s  the re fo re  used  to  
re la te  the induced angle of a t t a c k  a t  a po in t  y i n  th .e  u -plane 
t o  t h a t  a t  the  corresponding  point  'i i n  t h e  J -plane,   thus:  
F i n a l l y ,  s u b s t i t u t i n g  e q u a t i o n s  ( 7 )  and (10) i n to  equa t ion  (1) 
t h e  e f f e c t i v e  a n g l e  of a t tack for  wings of  non-zero thickness  
i s  given by 
The only unknown wh.ich remains to  be  de te rmined  in  equat ion  (11) 
i s  Cri (7)  . 
The induced angle  of  a t tack,  in  degrees ,  a t  a poin t  7 ,  on 
the transformed span i s  given by t h e  familiar r e l a t i o n  
where (Y) i s  the   s ec t ion  l i f t  coe f f i c i en t   i n   t he   t r ans fo rmed  
plane a t  a po in t  TJ. It should  be  noted  tha t  s ince  the  t rans-  
formation i s  conformal ,  the  c i rcu la t ion  r ( 9 )  about any wing 
sec t ion  and th.e  a s soc ia t ed   s ec t ion  l i f t  c o e f f i c i e n t  El ( y )  i n  
the transformed plane are equa l  t o  the  co r re spond ing  va lues  in  
t h e  real plane.   Since  the  geometric  quantit ies  of  ch.ord  length.  
( C  and  wing t w i s t  at each  po in t  i n  the  r ea l  p l ane  are also 
t h e  same a t  the corresponding points  in  the t ransformed plane 
then 
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For wings with undeflected flaps,  the spanwise l i f t  
d i s t r i b u t i o n  i n  the transformed plane can be expressed as an 
i n f i n i t e  t r i g o n o m e t r i c  series as follows: 
where, 
Using equations (12) and (14) t h . e re  fol lows,  according to  
Reference 23  
- I80 a, 
a/ 
4 IT sin S x n A n s i n ( n 8 )  n= I 
Thus, i n  o r d e r  t o  d e t e r m i n e  t h . e  induced angles of attack t h e  
va lues   o f   t he   coe f f i c i en t s  An a re   r equ i r ed .  Th .e se  are   obtained 
as  follows: 
The spanwise l i f t  d i s t r i b u t i o n  i s  approximated by a f i n i t e  
t r igonometr ic  series of r - l  terms corresponding t o  determining 
the  load  a t  an odd  number, r - l  , of p o i n t s  on t h . e  span. Th.at  
i s ,  the range o<8<rr i s  divided up i n t o  r equal ly  spaced  in te rva ls  
where 8=msr/r m= I ,  2,. . . . , r - 1  . 
Th.us, equat ion (14) can be rewri t ten as: 
Using harmonic analysis, equation (17) y i e l d s  t h e  c o e f f i c i e n t s  
A, of th . e  t r igonometr ic  series,  t h . u s  
I f  e q u a t i o n  (18) i s  now combined with equat ion (161, an expression 
i s  ob ta ined  fo r  th . e  induced angle of attack, th.us 
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Since the induced angle of a t t a c k  i s  t o  be determined at  the 
p o i n t s   a t  which t h e   l o a d   d i s t r i b u t i o n  i s  r equ i r ed ,  i .e .  a t  the 
p o i n t s  a = then 
where 
I t  can be shown t h . a t  i f  k+rn is odd th.en 
and i f  k-rn 
f i n a l l y ,  wh.en k+rn i s  even and k+rn 
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3.2.2 Spanwgsg  Load D i s t r i b u t i o n  f o r  a Wing With No Flap 
or a Full  Span Deflected Flap 
Th.e method of determining the l i f t  d i s t r i b u t i o n  i s  one  of 
successive approximations.  For a given body angle  of  a t tack a 
d i s t r i b u t i o n  of c r c / i j  i s  assumed  and the  induced  angles   of   a t tack 
a r e  computed using  equation  (21).   Using  equation (11) th.e 
e f f e c t i v e  s e c t i o n  a n g l e s  of a t t a c k  a r e  c a l c u l a t e d  and th . e  co r re -  
sponding values of l i f t  c o e f f i c i e n t  o b t a i n e d  from a i r f o i l  d a t a  
a t  t h e  a p p r o p r i a t e  v a l u e s  of the   sec t ion   parameters .  T h i s  
process  i s  r epea ted  un t i l  t he  guessed  va lues  ag ree  wi th  th .e  
computed v a l u e s  t o  w i t h i n  th .e  r equ i r ed  to l e rance .  
In  order  to  minimize  t h . e  number  of i t e r a t i o n s  r e q u i r e d  t o  
converge on t h e  f i n a l  d i s t r i b u t i o n  of l i f t  c o e f f i c i e n t  a system- 
a t i c  method i s  r equ i r ed  to  gene ra t e  inc reas ing ly  be t t e r  approx-  
imations.  Such. a method i s  developed  in  Reference 2 and i s  
h e r e i n  p r e s e n t e d  i n  s l i g h . t l y  d i f f e r e n t  n o t a t i o n .  
For a wing-body combination w i t h  ze ro  th i ckness  wing and 
no f l a p  d e f l e c t i o n ,  t h . e  bas i c  equa t ion  to  be  sa t i s f i ed  du r ing  
any cycle  of  th .e  i terat ive process  i s  the s impl i f i ed  ve r s ion  
of equat ion (111, i . e .  
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Assuming l i n e a r  s e c t i o n  l i f t - c u r v e s  t h e  r e l a t i o n s h i p  f o r  one 
cyc le  of  t h e  i t e r a t i o n  i s  
where A k  i s  the  amount t o  be  added t o  the approximate value 
cl c / ~ j  t o  o b t a i n  t h e  c a l c u l a t e d  v a l u e .  
For  the fol lowing cyc le  a value A'k is chosen  such  th.at  the 
ca l cu la t ed  va lues  a re  equal  to  the  guessed  va lues  thus :  
then   wi th  
the re  fo l lows  
or 
[Gmk] (.'m} = (am}  
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, y 
where Gmk i s  the  t r anspose  of Gmk . I 
Thus, the va lues  to  be  added  to  one set of approximate 
values t o  o b t a i n  a be t te r  approximat ion  are given by: 
The ma t r ix  o f  coe f f i c i en t s  K i i  i s  eas i ly  ob ta ined  by th.e  
usual methods of matrix algebra.  
3.2.3 Spanwise Load D i s t r i b u t i o n  f o r  a Wing With a 
Deflected Part-Span Flap 
The d e f l e c t i o n  of a p a r t - s p a n  f l a p  causes a d i scon t inu i ty  
i n  th.e d i s t r i b u t i o n  of absolu te  angle  of a t t a c k  a t  the end of 
t h e  f l a p .  I n  o r d e r  t o  m a i n t a i n  a cont inuous  spanwise  dis t r ib-  
u t i o n  o f  l i f t  a corresponding discont inui ty  must e x i s t  i n  t h e  
d i s t r ibu t ion  of  induced  angle  of a t t ack .  
From Reference 2, th .e  complete l i f t  d i s t r i b u t i o n  may be 
expressed as th .e  sum of two d i s t r i b u t i o n s ,  t h u s :  
where F ( c ~ c / b )  i s  t h e   d i s t r i b u t i o n   d u e   t o  a u n i t   d i s c o n t i n u i t y  
i n  induced  angle  of  at tack and c f l c / b  i s  th .e  remainder  of  th.e 
l i f t  d i s t r i b u t i o n .   S i n c e   t h e  l a t t e r  d i s t r i b u t i o n  i s  continuous 
t h e  m u l t i p l i e r s  P m k  may be  used  d i r ec t ly  to  ob ta in  the  co r re spond-  
ing induced angles  of  a t tack.  
Since t i i i2k = 8 over  the f lapped span and ai2k = 0 over th.e 
unf lapped  span ,  the  to ta l  induced  angle  of a t t a c k  i s  
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Now, i f  the m u l t i p l i e r s  were used w i t h .  t h e  t o t a l  l i f t  d i s t r i b -  
u t  i on  
and E i 2  k were added t o  b o t h  s i d e s ,  t h e  resul t  would be : 
Rearranging equat ion (34)  yields:  
A comparison of equation (35) with equation ( 2 1 )  shows t h a t  
f o r  a wing with a d e f l e c t e d  f l a p  an a d d i t i o n a l  term i s  requi red  
which i s  p r o p o r t i o n a l  t o  t h . e  magnitude of the discontinuity.  
T h i s  terms r e p r e s e n t s  a c o r r e c t i o n  f a c t o r  t o  a c c o u n t  f o r  t h . e  
i n a b i l i t y  of a l imi ted  t r igonometr ic  series to  represent  ade-  
q u a t e l y  t h e  s p a n w i s e  l i f t  d i s t r i b u t i o n  o f  a wing with deflected 
f l aps .  
Equation (35) may be  r ewr i t t en  a s :  
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[$! wh.ere th.e uncorrected  induced  angle   of   a t tack i s  expressed as 
and t h e  c o r r e c t i o n  f a c t o r  p e r  u n i t  d i s c o n t i n u i t y  i s  
d 6 a r e  i n  degrees.  
T h e  d i s t r i b u t i o n  of c12c/I;6 as  g iven  by equat ion ( 3 9 )  depends 
s o l e l y  on th.e spanwise posi t ion of t h e  d i s c o n t i n u i t y  a t  th . e  end 
o f  t h e  f l a p ,  a_nd a p p l i e s  t o  o u t b o a r d  f l a p s  wh.ich beg in  a t zT / i  = 1 
and end a t  2y*/b . For  a wing w i t h .  symmetrica_l  inboard f l a p s  
extending  between 2y/E = 2y*/b and 2y/jb  =-2  Y*/b t h e   d i s t r i b u t i o n  
i s  obtained  by-subtract ing  values   of  c 1 2 c / E  6 f o r  27% from 
those f o r  - 2Y*/b . T h e  c o r r e c t i o n  f a c t o r  p e r  u n i t  d i s c o n t i n u i t y  
a c k / 6 ,  given by equation ( 3 8 )  i s  th.erefore a function of only 
the spanwise posi t ion of  th .e  d i scon t inu i ty  and Pmk .
"
It should be noted that  two values-of_(z c /  6 exis t  at t h e  
end of t h e  f l a p ,  one corresponding to  2y* /k  j- 0 , ( th .e  f l a p  s i d e  
of 27*/E 1 and th . e  o th .e r  cor responding  to  2y*/b - 0 , ( the unflapped 
s ide ) .  The va lues  are r e l a t e d  by: 
- 
- -0 -+O 
b b 
(40) 
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Ei the r  o f  t he  two v a l u e s   o f c c / 6  may be used so long as t h e  
value i s  used with the proper  sect ion l i f t  curve.  
3.2.4 Modif icat ion of t h e  Two-Dimensional  Section L i f t  Data 
I f  the  two-dimens iona l  sec t ion  da ta  were u s e d  d i r e c t l y  
d i s c o n t i n u i t i e s  would be found i n  t h e  maximum l i f t   d i s t r i b u t i o n  
a t  the  ends of t h e  d e f l e c t e d  f l a p s .  S i n c e  t h e  d i s c o n t i n u i t i e s  
do not actually occur,  the two-dimensional data must be adjusted 
t o  r e f l e c t  t h e  fact  t h a t  s e c t i o n s  i n  t h e  v i c i n i t y  o f  th.e end 
of  the f l a F  exh ib i t  va lues  of C Z  max. which. l i e  between those for 
flapped  and  unflapped  sections.   Therefore,   following  the method 
of Reference 2 the two-dimensional data i s  modified t o  ob ta in  
s o  cal led three-dimensional  sect ion data .  
Th.e r o o t  s ec t ion  of a wing w i t h .  a p a r t i a l - s p a n  f l a p s  d e f l e c t -  
ed would act most n e a r l y  l i k e  t h a t  of a wing w i t h .  f u l l - snan  
f l a p s .  S i m i l a r l y ,  t h e  t i p  s e c t i o n  would  behave a s  i f  it were 
on a wing with no f l a p  d e f l e c t i o n .  Now th.e  l o a d  d i s t r i b u t i o n  f o r  
t h e  wing wi th  pa r t i a l  span  f l aps  can  be ca lcu la ted  as  long  as  
each sect ion i s  operat ing i n  the  l i nea r  r ange  of i t s  l i f t  curve.  
A t yp ica l  d i s t r ibu t ion ,  deno ted  by c l  8 ,  i s  shown in  F igure  5. 
A l i f t   d i s t r i b u t i o n  i s  now c a l c u l a t e d  f o r  th . e  same wing 
wi th  no f l a p  d e f l e c t i o n  and the  o rd ina te s  s ca l ed  s o  t h a t  t h e  wing 
has  a l i f t  c o e f f i c i e n t  of un i ty .  Such  a d i s t r ibu t ion ,  deno ted  
by c l  , i s  a1 so shown in  F igu re  5. 
T h i s  d i s t r i b u t i o n  i s  mul t ip l i ed  by a s u i t a b l e  c o n s t a n t  
f a c t o r  k ,  t o  g ive  the  same value a t  t h e  r o o t  a s  th.e d i s t r i b u t i o n  
w i t h  t h e  f l a p  d e f l e c t e d  and  by ano the r  f ac to r  k 2  t o  g i v e  t h e  
same value as t h e  f l a p  d i s t r i b u t i o n  at th . e  ou termost  s ta t ion  
used in  the computat ions.  
The d i f f e rences  between C z  6 and k t  Cz  I inboard of  the f lap 
end and between CZ 6 and k2 C t  1 , outboard of  the f lap end,  are  
divided by the difference between kl C z 1  and k2 c t  1 t aken  a t  t he  
end  of the   f lap .   Thus ,   the   resu l t ing   va lues  o r  f a c t o r s ,  F can 
be expressed as follows: 
and f o r  2 2y * - >:
b b 
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Figure 5 .  - Typical Load Distributions for Obtaining Factors f o r  Alter ing 
Two-dimensional Data. 
0 
These  fac tors  are r e l a t i v e l y  i n s e n s i t i v e  t o  l i f t - c u r v e  s l o p e  
and may be  used  in  the  non- l inear  por t ions  of  th .e  l i f t  c u r v e s .  
I n  c a l c u l a t i n g  t h e  above mentioned d i s t r i b u t i o n s ,  any 
convenient  values  of  the discont inui ty  8 and wing angle of attack 
may be  used. Wing t w i s t  i s  o m i t t e d  i n  th.ese computations. 
Having obtained the factors  F th.e va lues  of maximum l i f t  c o e f f i -  
c i e n t  are then  a l te red  accord ing  to :  
where (Clrnax l o  i s  t h . e  two-dimensional value of s ec t ion  maximum 
l i f t   c o e f f i c i e n t  and A ‘!%ax i s  the   increment   in  clmax due 
t o  f l a p  d e f l e c t i o n  a t  t h e  end  of th.e f l a p .  
Figure 6 i l l u s t r a t e s  t h e  method of o b t a i n i n g  t h e  f i n a l  
c o r r e c t e d   l i f t   c u r v e s .  A t  each  angle of a t t a c k  (a,) th .e  two- 
dimensional  uncorrected  value  of l i f t  c o e f f i c i e n t  ( ‘ 1 0 )  , a s  
ob ta ined  f rom the  a i r fo i l  da t a ,  i s  f a c t o r e d  t o  g i v e  t h e  c o r r e -  
sponding value of l i f t  c o e f f i c i e n t  c o r r e c t e d  f o r  p r o x i m i t y  t o  
t h e  f l a p  end th.us, 
‘1 cor = ‘ l o  
‘ 1  max 
(‘2 max)o 
(44) 
Th. i s  va lue  of l i f t  c o e f f i c i e n t  would correspond t o  a va lue  
of  angle   of   a t tack a’ on the  two-dimensional l i f t  curve.  Due 
t o  t h e  f a c t  t h a t  e a c h  wing s e c t i o n  i s  n o t  o p e r a t i n g  i n  a t r u e  
two-dimensional f low, but forms part  of  a f i n i t e - s p a n  wing  a 
co r rec t ion  must  be made t o  a c c o u n t  f o r  t h e  f a c t  t h . a t  t h e  a i r  
can  flow  around the wing t i p s .  T h i s  e x t r a  d e g r e e  of freedom 
impl i e s  t ha t  a s e c t i o n  on a f i n i t e - s p a n  wing  must o p e r a t e  a t  a 
high.er angle of attack th.an the same s e c t i o n  i n  s t r i c t l y  two- 
d imens iona l  f low in  order  to  achieve  the same value of l i f t  
c o e f f i c i e n t .  T h i s  c o r r e c t i o n  w a s  f i r s t  d e r i v e d  by Jones,  Ref- 
erence 48, i n  t h e  form of t h . e  edge veloci ty  factor  given by:  
E =  Q e  - Q t o  
a0 - Q I  0 (45) 
Jones  o r ig ina l ly  de r ived  the  co r rec t ion  f ac to r  fo r  a wing 
of e l l i p t i c  planform and expressed it a s ,  
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Figure 6 .  Illustration of Method f o r  Correcting  Two-dimensional 
Section Data. 
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E= wing  semi-perimeter  (46) wing  span 
Reference 2 g ives  a more accurate express ion ,  appl icable  
t o  wings  o f  o the r  t han  e l l i p t i ca l  p l an fo rm,  in  th . e  form, 
E =Jq (47) 
Thus, t h e  e f f e c t i v e  a n g l e  of a t t a c k , a e  , corresponding  to  th .e  
two-dimensional  angle of a t t a c k ,  a’ , i s  given  by, 
and s ince  a1 i s  r e l a t e d  t o  t h e  o r i g i n a l  v a l u e  a. by 
then  th.e  c o r r e c t i o n  which. must be made t o  Q O  t o  account  for  
both edge-veloci ty  and f l ap  p rox imi ty  i s  obta ined  as  
Figure 6 shows t h e  f i n a l  c o r r e c t e d  l i f t  curves  as compared 
t o  th .e  o r i g i n a l  two-dimensional  data  for  two s t a t i o n s ,  one 
inboard and the other  outboard of  the f lap end.  
The above  method  of c o r r e c t i n g  t h e  two dimensional  sect ion 
d a t a  t o  a c c o u n t  f o r  f l a p  d i s c o n t i n u i t y  i s  subs t an t i a t ed  
experimental ly  by Reference 2. 
I t  should be noted that  the  Jones  edge  ve loc i ty  co r rec t ion  
a p p l i e s  r e g a r d l e s s  of  wh.ether th.e f l a p  i s  de f l ec t ed  o r  no t .  
3.2.5 Calcu la t ion   of   Overa l l  Wing C h a r a c t e r i s t i c s  
Once the spanwise l i f t  d i s t r i b u t i o n  of a wing has been 
calculated the determinat ion of  drag and pi tching moment 
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I '  c o e f f i c i e n t s  i s  a s imple  mat ter   s ince  these  quant i t ies   depend 
on t h e  l i f t  d i s t r i b u t i o n .  
By the use of Simpson's Rule, t h e  i n t e g r a t e d  v a l u e s  of 
l i f t ,  induced drag,  prof i le  drag and pi tching moment c o e f f i c i e n t s  
are given by: 
wh.ere 
In  equat ion  ( 5 5 )  t h e  s e c t i o n  l i f t  and drag forces  are  assumed 
to  ac t  th rough.  the  quar te r -chord  poin ts .  
The m u l t i p l i e r s  Tm used in  equat ion (51) through (54)  a r e  
def ined by : 
Step-by-step computational procedures based ?n the preceding 
ana lys i s  a r e  p re sen ted  in  the  fo l lowing  sec t lon .  
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SECTION 4 
COMPUTER PROGRAM 
The solut ion of  the mathematical  model d e s c r i b e d  i n  S e c t i o n  
3 was accomplished by  means of  a spec ia l ly  deve loped  d ig i t a l  
computer  program. T h i s  s ec t ion  p resen t s  a d e t a i l e d  d e s c r i p t i o n  
of the computational procedures,  the requi red  sec t ion  da ta ,  and 
the implementation  of  the  computer  program. T h e  resul ts  of 
sample c a l c u l a t i o n s  are a l so  presented .  
4.1 COMPUTATIONAL PROCEDURES 
The fol lowing i s  a mathematical  descr ipt ion of  the individual  
s teps  used in  the computat ion of  the wing spanwise load dis t r ib-  
u t ions .  Th.e sequence  of   the  calculat ions i s  e s s e n t i a l l y  t h e  
same as t h a t  set up i n  t h e  computer program wh.ich. i s  descr ibed  
la te r .  The  computational  procedures  cover three separa te   cases ;  
wings with no f l a p s ,  wings w i t h  fu l l - span  fLaps  and wings with 
par t - span  def lec ted  f laps .  
4.1.1  Computation  of  Basic Parameters 
( a )  Calcu la te   the   fo l lowing   geometr ic   quant i t ies  
e = J G 2  
where Yo,B,H, A , e are, r e spec t ive ly ,  - - 2 y o  2B’ 2 h  2 A ’  2 e ’  b 1 b >b’b’b 
( b )  Calcula te  a number of p o i n t s  y ’  on t h e  exposed  wing 
span  for   even  increments  of 8 using 
Y l =  yo+ ( I - Y ~  1 cos e 
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where 
e = ( ; - yo ) 
--Yo 2 
= cos-' ( I -;) Y - Y  
. .  
( c )  Compute th .e  average  (non-dimensional)   distances of 
t h e  p o i n t s  Y i  from th.e  f o c i i  of t h . e  e l l i p t i c  f u s e l a g e  u s i n g  
where f o r  t h e  wing t i p  
(dl Transform from t h . e  u - p l a n e  t o  t h e  0 -plane using t h . e  
f o l l o w i n g  r e l a t i o n s h . i p s  f o r  a n  e l l i p t i c a l  f u s e l a g e .  
and 
I f  th . e  fuse lage  has a c i r c u l a r  c r o s s - s e c t i o n  compute 
( 6 5 )  
( 6 6 )  
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I 
and 
- 
y ' =  y '  I -  [ Y l 2 + H 2  A 2  1 (67) 
where A i s  the  cross-sect ional   radius   (non-dimensional) ,  
(e)  Calcu la te  a new set of p o i n t s  Y on the  transformed 
span  for  even  increments  in  th .e  spanwise v a r i a b l e  0 a s  f o l l o w s  
- 
Y = c o s  e (68) 
where 
(f   Using  the  relationsh.ip  of Y '  t o  y' obtained  above, 
i n t e r p o l a t e  t o  f i n d  t h e  p o i n t s  on th.e physical  span,  Y , 
corresponding  to  Y .  
( g )  For an e l l i p t i c a l  f u s e l a g e  c r o s s - s e c t i o n  o b t a i n  v a l u e s  
f o r  
where 
o r ,  i f  t h e  c r o s s - s e c t i o n  i s  c i r c u l a r ,  u s e  
R B = l +  A 2  ( Y 2 - H 2 )  - d u  ( Y2+H2I2 
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1, ( h )  I f  t h e  wing has a de f l ec t ed  pa r t - span  f l ap  ca l cu la t e  t he  loca t ion  o f  t he  end of t h e  f l a p  i n  t h e  E -plane using 
where 
(i) For a wing  wi th  l inear  taper  i n  both.  ch.ord and 
th ickness  f rom fuse l age  s ide  t o  wing t i p  c a l c u l a t e  
and 
(t/c) = I -1 
(t/c), ( 7 5 )  
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I 
where Re’ i s  th.e f l i g h t  Reynolds number based on th.e  exposed 
wing mean aerodynamic chord c ’  which f s  given by 
Note that  the geometr ic  wing t w i s t , €  , i s  non-linear and t h . a t  
the  spanwise  d is t r ibu t ion  of  wing  sec t ion  camber l e v e l  i s  taken 
t o  be l inear.  
For a wing planform which. i s  not  t rapezoida l  the  foregoing  
q u a n t i t i e s  may be determined from a drawing or from a s p e c i a l  
ca l cu la t ion .  
(j) F i n a l l y ,  c a l c u l a t e  t h e  m u l t i p l i e r s  B m k ,  T m ,  and t h e  
ma t r ix  o f  coe f f i c i en t s  K i j  us ing   equat ions  ( 2 3 )  ( 5 6 )  and ( 3 0 )  
respec t ive ly .  Also, f o r  pa r t - span  de f l ec t ed  f l aps  ob ta in  c 1 2 c / 6 8  
and a c k  16  from  equations(38)  and (39). 
4.1.2 Wings With. No Flaps or With Full-Span Deflected Flaps 
I f  the wing has  de f l ec t ed  o r  unde f l ec t ed  fu l l - span  f l aps  
th .e  computations are s impl i f i ed  s ince  no co r rec t ions  a re  r equ i r ed  
f o r  spanwise   d i scont inui t ies   in   induced   angle  of a t t ack .  I n  
t h i s  case the computational procedure i s  as  fo l lows:  
( a >  For the des i r ed  body angle of a t t a c k  c a l c u l a t e  the 
d i s t r i b u t i o n  of geometric angle  of a t t ack  us ing  
(b)   Obtain  the  corresponding C l  and (20 va lues  by in t e rpo la -  
t ion  in  the  two-dimens iona l  sec t ion  da ta  a t  t h . e  proper Reynolds 
number, thickness-chord r a t i o  and  camber l e v e l .  
( c )  Calcu la te  an i n i t i a l  approximation t o  t h . e  d i s t r i b u t i o n  
of  the loading on t h e  transformed wing using: 
(d )   Ca lcu la t e  t h . e  corresponding  values  of  induced  angle 
of a t t a c k  Ci using equat ion ( 2 1 )  and determine t h . e  e f f e c t i v e  wing 
ang le s  o f  a t t ack  in  the  r ea l  p l ane  f r o m  equat ion (11). 
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9 (e )  Now compute the   equ iva len t  
use with the two-dimensional section 
where E i s  given by equation (47).  
angles  of  a t tack ,  Q O  , f o r  
d a t a  t h u s  
(82) 
. ( f )  Us ing  the  sec t ion  da ta  obta in  the  va lues  of l i f t  
coeffic-ient corresponding to Q O  and t h e n  c a l c u l a t e  new va lues  
of cl  c/b . 
( g )  Compare th.ese v a l u e s  t o  th .e  guessed values of CI c /b  
and i f  agreement i s  n o t  s u f f i c i e n t l y  c l o s e  o b t a i n  a set of values 
of Aj by applying the matr ix  K i j  t o  th .e  d i f ferences between 
the  ca l cu la t ed  and guessed values as shown in equat ion-(30b) .  
Add th.e r e s u l t s  t o  th . e  or iginal  guessed values  of  c f  c/b and 
ob ta in  a new and b e t t e r  set of  approximate  values.   Repeat  steps 
(d)  th rough (g)  un t i l  sa t i s fac tory  agreement  i s  reached. 
(h . )  Having  determined  the l i f t  d i s t r i b u t i o n  o b t a i n  s e c t i o n  
va lues  o f  p ro f i l e -d rag  coe f f i c i en t ,  i nduced-d rag  coe f f i c i en t  
and p i t ch ing  moment c o e f f i c i e n t .  
( i )  Fina l ly ,   us ing   equat ions   (51)   th rough  (56) ,ca lcu la te  
t h . e  va lues  o f  CL , CDO , C D i  , and CM . 
4.1.3 - Wings With Part-Span  Deflected  Flaps 
-. " _  
( a )  Determine the l i f t  d i s t r i b u t i o n  f o r  t h e  p l a i n  u n t w i s t e d ,  
unflapped wing-body combination a t  an angle of attack w h i c h  i s  
with,in t h e  l i nea r   r ange  of t h . e  sec t ion  l i f t  curves.   Scale t h e  
r e s u l t i n g  l i f t  d i s t r i b u t i o n  t o  g i v e  a va lue  of  wing l i f t  c o e f f i c -  
i e n t  e q u a l  t o  u n i t y .  Denote t h i s  d i s t r i b u t i o n  by c f ,  . 
(b)   For  th . e  untwisted,   f lapped  wing body combination, select  
a body angle  of  a t tack within t h e  l i nea r  r ange  of both t h e  
f lapped and   unf lapped   sec t ion   l i f t -curves .   Obta in   the   va lue   o f  
s e c t i o n  l i f t  c o e f f i c i e n t ,  c l R  , f o r  t h e  r o o t  s e c t i o n  from t h e  
a i r f o i l  d a t a .  
(c )  C a l c u l a t e  t h e  i n i t i a l  a p p r o x i m a t i o n  t o  t h e  l i f t  d i s t r i b -  
u t ion  in  the  t ransformed p lane  us ing  
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and 
(dl  Taking the value of 6 as t h e  d i f f e r e n c e  between t h e  
f lapped and un f l apped  ze ro  l i f t  ang le s  of t h e  s e c t i o n  a t  t h e  
end of  the f lap,  determine the resul tant  angles  of a t t a c k ,  ae  , a t  
t h e  real  wing  using  equat ions  (11) , (36) , (37) ,   (381,   (39) .   Correct  
these  angles  for  edge  ve loc i ty  and t h e n  u s e  t h e  s e c t i o n  d a t a  t o  
obta in  new v a l u e s  f o r  t h e  l i f t  d i s t r i b u t i o n .  Repeat t h i s  itera- 
t i v e  c y c l e  u n t i l  a convergence i s  o b t a i n e d  i n  t h e  l i f t  d i s t r i b -  
u t ion .   Deno te   t h i s   d i s t r ibu t ion  by C j s .  
(e) C a l c u l a t e  t h e  c o r r e c t i o n  f a c t o r s  F from equat ions (41) 
and ( 4 2 ) .  
( f )  Using  equation (81) ob ta in   t he   f i r s t   app rox ima t ion  
of t h e  f i n a l  l i f t  d i s t r i b u t i o n  and  compute t h e  value of s ec t ion  
l i f t  c o e f f i c i e n t  a t  th .e  f lap  end ,  c/ *, th.us 
c/* = (F) (+) (+) (&) ( 8 5 )  
( g )  Determine the  uncorrected  value of l i f t  c o e f f i c i e n t  a t  
the end o f  th .e  f l ap  us ing  
where F F  i s  the   va lue  of 1 + F A Cb*  max / ( C I  t a k e n  a t  t h e  f l a p  
side of T *  . 
( h )  Obtain the angle of a t t a c k  v a l u e ,  Q o ,  which  corresponds 
t o  c l  , , f rom the f lapped sect ion data  and correct  i t  t o  ob ta in  
the  equiva len t  angle  of a t t a c k ,  ae 8 thus  
(5 )  In  th .e  same way f i n d  t h . e  equivalent  angle  of a t t a c k ,  
“ I  8 = o for   the   unf lapped  side of V*. 
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d ,  (j) The f i r s t  approximate  value of t h e   d i s c o n t i n u i t y  i n  
angle  of  a t tack 6 i s  then given by 
(k)  Again,  use equat ions  (111, (361, (371, (381,  and  (39) 
t oge the r  w i th  equa t ion  (88 )  to  ob ta in  values of th.e r e s u l t a n t  
angles  of  a t tack ,  Q, , at  e a c h  s t a t i o n  on th . e  real wing. 
(1) The corresponding  uncorrected  angles   of   a t tack  are  
then found using 
(m> U s e  the  two-dimensional  section l i f t  d a t a  t o  o b t a i n  
va lues  of c! a t  t h e s e  a n g l e s  of a t t a c k  and f a c t o r  th.em t o  g i v e  
t h e  c o r r e c t  v a l u e s  of l i f t  c o e f f i c i e n t ,  th.us 
(n)  Compare t h . i s  c a l c u l a t e d  l i f t  d i s t r i b u t i o n  t o  t h e  
approximate  d is t r ibu t ion  and r e p e a t  t h e  i t e r a t i v e  p r o c e s s  u n t i l  
th.e convergence i s  ach.ieved within t h e  spec i f i ed  limits. 
(0) F i n a l l y ,   o b t a i n   t h e   o v e r a l l  wing-body c h , a r a c t e r i s t i c s  
using equat ion (51) through (56). 
4.2 SECTION DATA CHARACTERISTICS 
The accuracy of wing spanwise load distributions computed 
by t h i s  program largely depends on the  quan t i ty  and q u a l i t y  of 
t he   ava i l ab le   s ec t ion   da t a   ch . a rac t e r i s t i c s .  The sect ion  charac-  
t e r i s t ics  requi red   in   the   computa t ions   a re :  Th.e two-dimensional 
s e c t i o n  l i f t - c o e f f i c i e n t  v e r s u s  s e c t i o n  a n g l e  of a t t a c k ,  t h e  
sec t ion  prof i le -drag  and  th.e  quarter-ch.ord pitch.ing-moment 
c o e f f i c i e n t s  v e r s u s  s e c t i o n  l i f t  c o e f f i c i e n t .  I d e a l l y ,  th.e d a t a  
should  be  ava i lab le  for  as  broad  a range of Reynolds numbers 
and  th ickness-chord  ra t ios  as  i s  required to  cover  the range of  
these  parameters  expected i n  actual   f1igh. t .   Oth.erwise,   l inear  
i n t e r p o l a t i o n  and e x t r a p o l a t i o n  of t h e  e x i s t i n g  s e c t i o n  d a t a  a r e  
requi red  to  per form the  computa t ions  a t  the va lues  of Reynolds 
number and/or  th ickness-chord  ra t io  outs ide  the  ava i lab le  range .  
I . - .. 
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The most r e l i a b l e  a i r f o i l  s e c t i o n  d a t a  which. are now 
a v a i l a b l e  are summarized i n  References 5 and 6.. Reference 5 
p resen tg  the  da t a  ob ta ined  fo r  Reyno lds  numbers between 3x106 
t o  9x10 while  Reference 6 extend8  these measurements t o  values 
of Reynolds numbers down t o  0 . 7 ~ 1 0  . 
4.2.1 Correct ion  of  the Sect ion Data 
The senior auth.or of Reference 6 has  ind ica t ed  t h . a t  e r r o r s  
exist  i n  t h e  v a l u e s  o f  l i f t  curve s l o p e  f o r  a l l  a i r f o i l s  t e s t e d  
a t  Reynolds  numbers of  less than  3 .0~106.  These e r r o r s  are 
a t t r i b u t e d  t o  an angle  of  a t tack change associated w i t h .  a i r  leak-  
age a t  t h e  i n t e r s e c t i o n  o f  t h e  tes t  a i r f o i l  and t h e  wind tunnel  
w a l l s .  The evidence  of   the  inconsis tencies  a t  low  Reynolds 
numbers can be noted by examining th.e  behavior  of t he  va lues  
of  sec t ion  l i f t -curve  s lope  as a function of Reynolds number, 
sh,own i n  F i g u r e  1 7  of Reference 6. Since th .e  va lues  of l i f t  
coefficients obtained from force measurements are known t o  be 
c o r r e c t  t h e  i r r e g u l a r i t i e s  i n  t h e  t r e n d s  o f  C ~ Q  versus Reynolds 
number can only be associated with th.e e r r o r s  i n  a i r f o i l  angle 
of a t t ack .  
Therefore ,  a correct ion procedure based on ex t r apo la t ion  
of the high Reynolds number l i f t - c u r v e  s l o p e  d a t a  w a s  employed 
to  genera te  approximate  sec t ion  da ta  f o r  l o w  Reynolds numbers. 
This procedure which w a s  approved by t h e  s e n i o r  a u t h o r  of Refer- 
ence 6 i s  described below. 
For  e a c h  a i r f o i l  s e c t i o n  the v a r i a t i o n  of l i f t - c u r v e  s l o p e  
with  Reynolds number was p l o t t e d  as shown i n  Figure 7. A 
s t r a igh t - l i ne  ex t r apo la t ' on  o f  th.e b e s t  f i t  t o  t h e  d a t a  for 
Reynolds numbers of 3x10' and g r e a t e r  w a s  u sed  to  ob ta in  va lues  
of l i f t - c u r v e  s l o p e  a t  l o w  Reynolds  numbers. Th.ese va lues  were 
then  used  to  co r rec t  t h . e  quoted angles  of  a t tack at  constant  
va lues  of l i f t  c o e f f i c i e n t .  I n  making th.e e x t r a p o l a t i o n s ,  
account was taken of the v a r i a t i o n  of l i f t - cu rve  s lope  w i t h  
th ickness- to-ch.ord rat io  a t  constant  Reynolds  number a s  sh.own 
in  F igu re  8. Furthermore,   an  effor t  w a s  made t o  e n s u r e  t h a t  t h e  
ex t r apo la t ion  t r ends  were compatible w i t h .  th .e  t r ends  of th .e  
high  Reynolds number da ta .  T h e  magnitude of t h e  c o r r e c t i o n  f o r  
a t y p i c a l  s e c t i o n  i s  i l l u s t r a t e d  i n  Figure 9. Table I i n d i c a t e s  
which a i r f o i l  s e c t i o n  d a t a  r e q u i r e d  t h i s  c o r r e c t i o n .  
4.2.2 Prepara t ion  of the  Sec t ion  Data  for  Computer 
The a i r f o i l  s e c t i o n  d a t a ,  c o r r e c t e d  as  requi red  us ing  t h e  
prev ious ly  d iscussed  procedures ,  a re  prepared  in  the  form of  
spec ia l  t ab l e s ,  wh ich  a re  used  in  th .e  computer.  For a given 
a i r f o i 2  th.ese d a t a  r e p r e s e n t  t h e  r e l a t i o n s h i p s  of c [  vs.  tl ,Cdo 
vs.  Cl , and Crnc/4 vs.  C1 f o r  c o n s t a n t  v a l u e s  of  Reynolds  number. 
Typ ica l  t abu la t ion  of t h e s e  sec t ion  c h a r a c t e r i s t i c s  s u i t a b l e  
f o r  t h . e  u s e  i n  t h e  computer a r e  shown i n  Figure 10. 
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Angle of attack - degrees 
Figure 9 - Corrected Lift Q r v e s  for  NACA 64-421 Airfoil at Low Reynolds Numbers 
TABLE I ,  - AIRFOIL SECTION DATA AVAILABLE FOR USE WITH THE COMPUTER FROG- 
I 
I 63 - 4XX I I I 
I 
I 64-4XX 
! 2 4XX 
a Data c o r r e c t e d   a t  Reynolds  numbers  below 3x10 . 
b No da ta   ava i l ab le   fo r   s ec t ion   w i th  60' s p l i t  f l a p .  
6 
ynold'  
1.0 
- . - - . . . - . R 
.. -o~-7". 
~ ~ _ _  ._ .. 
-90 .8  0 
-14.0  -0.34 
li.6 1:37 
1.5 1 2.0 
Cf 
/ 
/ 
I" 
0 0 
-0.40 -0.50 - 
1142 1:48 
1:28 1130 
- 
-0.60 
1: 47 
1126 
1.51 
___. 10.0 
1 3 . 4 )  
20.0 
90.6 
Tit i -  - " 
m a x  
1 .22  
d 
Tab le  of Cd Values 
. "" 
1.0 
2.000 
0.011 
0.008 
0.50 
"_ 2.000 "_ 
0. 
0. -. 
." 
0.7 
2.000  2.000  2.000 
0.009  0.009  0.007 
0.608 0.607  0.607 
0.640 0.620 0.619 
-"-l-+o 2.000 2.000 2.000 0 .  
T a b l e  of  C m  Values 
"\ 
\ 
t; 
C m c  
'4 
J " . . ~ Reynolds Number x ~ O - ~  
" 
0.7 - 1.0 
0 .   0 .   0 .  
, 
" 
\ 
* For compute r  con t inu i ty  on ly .  
F i g u r e  10. - Method of T a b u l a t i o n  of S e c t i o n  C h a r a c t e r i s t i c s .  
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The tabula t ion  of  sec t ion  lift d a t a  i s  cons idered  to  be  
most c r i t i ca l  as compared t o  the two sets of  data  c i ted above.  
For a g iven  a i r fo i l  t h i ckness -ch .o rd  r a t io ,  values of l i f t  
c o e f f i c i e n t  are c a r e f u l l y  r e a d  a t  s e l ec t ed  angles of a t t a c k  f o r  
each Reynolds number so as t o  b e s t  d e f i n e  t h e  l i f t - c u r v e s  
e s p e c i a l l y  i n  th.e v i c i n i t y  of C l  max.. Large scale p l o t s  of 
f o r  improved accuracy. 
C l  VS.Q (e.g. NACA o r i g i n a l s )  are recommended f o r  t h i s  p u r p o s e  
Th.e values of l i f t  coef f ic ien t  th .us  obta ined  are en tered  
i n  an a r ray  as shown i n  F i g u r e  10 with th.e f i r s t  and l a s t  
e n t r i e s  of angle of attack being -90° and +900 corresponding 
t o  l i f t  coe f f i c i en t  va lues  o f  ze ro  and 10.0 r e spec t ive ly .  Th.e 
l a t t e r  v a l u e  o f  s e c t i o n  l i f t  c o e f f i c i e n t  i s  en te red  on ly  fo r  
the purpose of  the computer  in  order  to  avoid computat ional  
d i s c o n t i n u i t y  i n  t h e  case o f  wings w i t h .  p a r t - s p a n  f u l l y  d e f l e c t e d  
f l a p s .  T h e  bottom two r o w s  of the a r r ay  con ta in  t h e  va lues  of 
maximum l i f t  c o e f f i c i e n t  ( c [ m a x )  and t h e  corresponding  angles 
o f  a t t a c k  a t  which t h e s e  first occur ( a m a x )  . T h . i s  procedure 
i s  r epea ted  fo r  each  va lue  o f  a i r fo i l  t h i ckness -chord  r a t io  fo r  
which d a t a  i s  ava i l ab le .  
S imi l a r ly ,   u s ing   t he   p lo t s  of cdo vs.  c I  and c m d 4  vs.C~ 
th.e drag and p i t ch ing  moment t ab le s  a re  p repa red  and t abu la t ed  
as shown i n  F i g u r e  10. I n  t h e s e  a r r a y s  of d a t a  th .e  l a s t  two 
rows are en tered  as zeros .  
Thus, a l i b r a r y  o f  s e c t i o n  c h . a r a c t e r i s t i c s  t a b l e s  i s  prepar-  
ed. The da ta  i s  key-punched  and s to red  r eady  fo r  use i n  t h . e  
computer. The f a m i l i e s  of a i r f o i l s  for wh.ich da ta  has  been  
prepared are summarized i n  Table I. 
4.2.3 Airfoi l   Data   Table  Look-up Procedures 
The  b a s i c  a i r f o i l  d a t a  a r e  r e a d  i n t o  th.e computer row-wise 
and s to red  on tape.  During  execution  of  the  program the d a t a  
i s  read from tape into core  in  the form of f i l es .  Th.e arrange- 
ment  and d e s i g n a t i o n  o f  t h e  f i l e s  i s  sh.own diagrammatically 
in  F igu re  11. Each  f i l e  must c o n t a i n  a t  l e a s t  two, but not more 
t h a n  f i v e , l e v e l s  or va lues  of  thickness-chord r a t i o .  Each l e v e l ,  
or each t ab le  o f  da t a ,  i s  l imi t ed  t o  25 rows  and 1 2  columns. 
T h . i s  f i l e  s i z e  i s  adequate  for  most purposes ,  but  may be 
i n c r e a s e d  i f  d e s i r e d  by changing th.e  s p e c i f i c a t i o n s  r e l a t i n g  
t o  f i l e  s i z e  i n  t h e  program. 
L inea r  i n t e rpo la t ion  i s  used through.out and i s  performed 
f i r s t   f o r  th.e required value of Reynolds number th.en thickness- 
ch.ord r a t i o  and f ina l ly  fo r  t he  g iven  va lue  o f  camber. Wh.en th.e 
required angle  of  a t tack i s  outs ide the range of  the maximum 
a n g l e s  o f  a t t a c k  l i s t e d  i n  t h e  t a b l e  f o r  t h e  two  bracket ing 
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i n t e r p o l a t e s  
F i l e  1 cc VS. Q 
F i l e  2 C , A  vs.  e1 
U 
Subrout ine 'ARC' 
"" . 
~, 
E u b r o u t i n e  'LOOK': 
F i l e  4 cf VS. Q 
w i t h  f l a p  d e f l e c t e d  
,- 
i n t e r p o l a t e s  
w i th in  
each. l e v e l  __ 
F i l e  2 0  CC vs. Q 
w i t h  f l a p  d e f l e c t e d  
I 
A i r f o i l   d a t a   f o rr o t   A i r f o i l   d a t a   f o rt i p
camber l e v e l  eg. 230XX camber l e v e l  eg. 430XX 
Figure 11. - Schematic Representation o f  Sec t ion  Data Storage 
i n  t h e  Computer. 
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va lues  o f  t he  pa rame te r s  unde r  cons ide ra t ion ,  s imple  l i nea r  
i n t e r p o l a t i o n  f o r m u l a e  a r e  u t i l i z e d  w i t h  no s p e c i a l  o r d e r  of 
i n t e r p o l a t i o n .  A special   computat ional   procedure i s  r equ i r ed  
t o  ob ta in  va lues  of  lift c o e f f i c i e n t  when the  angle  of  a t tack  
f a l l s  between the tabulated values  of a r n a x .  This procedure 
i s  b r i e f l y  d e s c r i b e d  i n  th.e following paragraphs as an aid 
to  unde r s t and ing  the  p rogram l i s t i ng .  
Using  Figures 12(a) and 12 (b ) ,   t he   va lues   o f  and 
‘l max a t  t h e  r e q u i r e d  v a l u e  of Reynolds number, R e  , are determined 
f o r  each. of the bounding values of th.ickness-chord ratio,(t /c),  
and(t/c)2 . T h i s   y i e l d s   v a l u e s  of l i f t  c o e f f i c i e n t s  a t  t h e  
p o i n t s  , and m 2  , r e spec t ive ly .  Depending  on  whether  the  given 
value of angle of attack, Q , i s  g r e a t e r  o r  less than  the  va lues  
of Qrnax , appropriate  values  of  C t  (denoted by X I  , x 2  1 are  obta ined  
for  each  bracke t ing  va lue  of th ickness-chord  ra t io .  
Knowing t h e  v a l u e s  a t  p o i n t s  ml and m 2  , new va lues  of ctmax 
and amax a re  ca l cu la t ed  co r re spond ing  to  the  r equ i r ed  va lue  of 
t h l ckness -chord  r a t io  and are  denoted by t h e  p o i n t  m3 . Using 
the  prev ious ly  computed v a l u e s  a t  p o i n t s  X I  ( o r  X2 1 togeth.er 
w i t h  t h e  v a l u e s  a t m 3 ,  th .e  above i n t e r p o l a t i o n  c y c l e  i s  repeated 
t o  o b t a i n  t h e  v a l u e  of ct  a t  th.e r equ i r ed  th . i ckness  r a t io .  
T h . i s  value of C l  now corresponds  to  the  requi red  va lues  of 
Reynolds number  and th ickness-ch .ord  ra t io ,  bu t  appl ies  on ly  to  
t h e  camber l e v e l  a s s o c i a t e d  w i t h  t h e  t i p  a i r f o i l  series. The 
ae rodynamic  da ta  fo r  t he  roo t  a i r fo i l  series i s  t h e n  c a l l e d  i n t o  
core  and  th.e  process i s  repea ted .  Th.e f i n a l  i n t e r p o l a t i o n  sh.own 
i n  F i g u r e  12(d)  i s  performed for th .e  co r rec t  va lue  of camber 
l e v e l  i n  t h e  same  way a s  tha t  u sed  fo r  t h i ckness -chord  r a t io .  
4.3 DESCRIPTION O F  THE COMPUTER PROGRAM 
The computat ional  procedures  descr ibed in  Sect ion 4.1 h.ave 
been programmed f o r  u s e  on t h e  NASA CDC 6600 s e r i e s  computer 
l o c a t e d  a t  Langley  Research Center. Th.e program i s  w r i t t e n  i n  
the  For t ran  I V  machine  language. An i n t e r n a l  l i s t i n g  of t h e  
program i s  p r e s e n t e d  i n  Appendix A and a b lock  d iagram i l lus t ra -  
t i n g  t h e  m a j o r  l o g i c  f e a t u r e s  i s  presented  in  F igure  13 .  
Th.e program i s  i n i t i a t e d  by r ead ing  in  the  bas i c  conf igu ra -  
t ion  parameters  punched  on ca rds  a s  i nd ica t ed  in  F igu re  14 .  
The va lues  of e i t h e r  aerodynamic or geometric t w i s t  may be input .  
Whichever t w i s t  i s  spec i f i ed  the  column re se rved  fo r  t he  o th . e r  
t w i s t  must con ta in  100. Columns 1 t o  11 on ca rd  #2 conta in  the  
maximum al lowable difference between the calculated and 
approximate values of C l  ‘/b a t  t h . e  end of e a c h  i t e r a t i o n .  A 
value of .001 was used i n  the computa t ions  presented  la te r  
i n  t h i s  r e p o r t .  
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Figure 12. Nomenclature  for  Developing  Interpolation Formulae. 
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Angles of Attack 
Normally t h e  d i s t r i b u t i o n  of such planform parameters as 
chord, t w i s t ,  local Reynolds number,  etc.  are ca l cu la t ed  bu t  
p rov i s ion  i s  made t o  r e a d  t h e s e  i n  i f  t h e  p l a n f o r m  i s  not 
t r apezo ida l .  The program  performs  the  computations using 10 
c o n t r o l  p o i n t s  p e r  wing  semi-span.  This number of s t a t i o n s  i s  
usual ly  adequate  for  most  purposes ,  h.owever, i f  it i s  d e s i r e d  t o  
inc rease  (o r  dec rease  1 th.e number of p o i n t s  th .e  program can 
eas i ly  be  modi f ied .  
Having c a l c u l a t e d ,  o r  r e a d ,  th .e  geometric parameters and 
computed the  parameters  govern ing  fuse lage  t ransformat ion  ( i f  a 
fuse lage  i s  p r e s e n t ) ,  t h e  v a l u e s  of t h e  m u l t i p l i e r s  Prnk and 'I; 
a r e  computed  and s t o r e d .  I f  t h e  c a l c u l a t i o n  i s  f o r  a wing w i t h .  a 
de f l ec t ed  pa r t - span  f l ap  the  va lues  of  the parameters  associated 
wi th  a spanwise  d iscont inui ty  in  angle  of a t t a c k  a r e  computed. 
Th.e c o e f f i c i e n t s  of the  mat r ix  K i j  , given by equation (30b),  @re 
now computed using a ma t r ix  inve r s ion  subrou t ine  to  ob ta in  success -  
ive  approximations  to  th.e l i f t  d i s t r i b u t i o n .  I f  t h e  c a l c u l a t i o n  
i s  f o r  a f lapped  wing t h e  program branches t o  compute the two 
l o a d  d i s t r i b u t i o n s  r e q u i r e d  t o  ob ta in  th .e  f a c t o r s  u s e d  i n  
a l t e r i n g   t h e   t w o - d i m e n s i o n a l   s e c t i o n   l i f t   d a t a .  Having  obtained 
th . e se  f ac to r s  t he  bas i c  program i t e r a t i v e  l o o p  i s  en tered  and 
execu ted  un t i l  a l i f t  d i s t r i b u t i o n  i s  c a l c u l a t e d  which. agrees  
wi th  the  guessed  d i s t r ibu t ion  to  wi th in  the  r equ i r ed  to l e rance .  
The computed d i s t r i b u t i o n s  of s e c t i o n  l i f t  c o e f f i c i e n t ,  etc., 
and the corresponding integrated values are immediately printed 
ou t  fo r  each  case  run .  
I f , a t  any point on t h e  w i n g ,  t h e  s t a l l  i s  de tec t ed ,  i . e .  t he  
computed va lue  of  e f fec t ive  sec t ion  angle  of a t t ack  exceeds  tha t  
f o r  maximum l i f t , t h e  c o m p u t a t i o n s  a r e  t h . e n  r e p e a t e d  f o r  a va lue  
of angle of attack  half-way  between t h e  l a s t  two va lues .  I f  
a t  t h i s  i n t e r m e d i a t e  v a l u e  t h e  wing u n s t a l l s  the program inc reases  
t h . e  angle  of  a t t a c k  by 0.2 d g g r e e s  u n t i l  s t a l l  a g a i n  o c c u r s  or 
u n t i l   t h e  increments t o t a l  1 . S i m i l a r l y ,   i f   s t a l l  i s  s t i l l  
d e t e c t e d  a t  t h e  i n t e r m e d i a t e  v a l u e ,  t h e  a n g l e  of a t t a c k  i s  
d e c r e a s e d  u n t i l  t h e  wing i s  u n s t a l l e d  or u n t i l  th.e t o t a l  d e c r e a s e  
equals  lo. 
A l t e r n a t i v e l y ,  i f ,  for a given body angle of a t t a c k  wing s t a l l  
i s  not  obtained,  the computat ions are  performed for  th .e  next  
inputed value of body inc idence  un t i l  t he  va lue  of aB = 99 i s  
encountered  whereupon  the  calculations  are  stopped. A t y p i c a l  
p r i n t  out  o f  th.e f i n a l  r e s u l t s  i s  presented i n  Table 11. 
T h e  computer  program descr ibed herein can be used to  predict  
th.e d i s t r i b u t i o n s  and t h e  i n t eg ra t ed  va lues  of l i f t ,  d r a g  and 
p i t ch ing  moment c o e f f i c i e n t s  f o r  wings of t rapezoidal  planform 
with zero sweep i n  th.e presence of  a f u s e l a g e  a t  a l l  a n g l e s  of 
a t t a c k   u p   t o  and   inc luding   s ta l l .   In   addi t ion ,  t h e s e  computations 
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SPANWISE S T A T I O N S  
$.57711503E-01 ( 2 1  9.61459121E-01 ( 31 
6eC4219115E-01 ( 71 4.74712490E-01 I 8 1  
-2.02203541E-01 I121  -3.37573147E-01 ( 1 3 )  
-€.21185699E-01 ( 1 7 )  -9.02092175E-01 (181 
ALPHA M A X  
1060889831E+01 I 2 1  1.61635207E+01 I 31 
1.85084020EtOl 7 )  2.37034870E+Ol I 8 1  
1*39745350E+Ol 112) 1.25746196E+01 ( 1 3 1  
1.66417263E+01 (171  1.63227454€+01 (181 
CL MAX 
1~55000003Et00  ( 2 1  1.55650944Eb00 I 31 
1.76061569E+00 I 71 2.12708990€+00 I 8 1  
2.69584410E+00 112) 2.55834961Et00 113)  
1.59829929E+00 (171 1.57042592E+00 ( 1 8 1  
THICKNESS / CHORD DISTRIRUTION 
1.20152566E-01 I 2 1  1.22569392E-01 ( 3 1  
1.46385392E-01 ( 7 )  1.55019167E-01 ( 8) 
1.73186431E-01 (121 1.64161790E-01 (131 
1.31920953E-01 1171  1.26527188E-01 (181  
SECT ION REYNCLOS NUMBER 
6~00060006E+00 ( 2 )  6~00060006E+00 ( 31  
6~00060006E+00 ( 71 6.000600C6E+00 I 8 1  
6.OC060006E+00 (121 6.00060006E+00 113)  
L ~ 0 0 0 6 0 0 0 6 E ~ 0 0  1171 6~00060006E+00  (181 
CHORD DISTRIBUTION 
1~00000000E e00 I 2)   1~00000000E+00  I 3 1  
1.00000000E+00 I 71  1.00000000E~00 I 8) 
1 ~ 0 0 0 0 0 0 0 0 E ~ 0 0  1121  L ~ O O O O O O O O E + O O  t 131 
1~00000000E+00 1171 1~00000000E+00 ( 1 8 1  
GEOMETRIC T W I S T  
-4.92881352E+00 I 21  -4.72977270EtOO ( 3 1  
-2.76837490E+00 ( 71  -2.05732909Et00 I 8 1  
-5061140405E-01.  1121 -1.30437645E+OO 1131 
-3.55961265E+00  1171 -4.40382321Et00  (181 
S E R I E S  FLAP C A S E  
9.02092175E-01 ( 41 
3.37573147E-01 9 )  
-4.74712490E-01 (141  
-9.61459121E-01 I191  
1.63227454€+01 ( 41 
1.25746196E+01 I 91 
2.37034870EtOl t 141 
1.61635207E+01  (191 
1.57042592E+00 ( 41 
2.55834961E+00 I 9)  
I .  5565C944E+00 ( 19) 
2.12708990EeOO ( 1 4 )  
1.265271RBE-01 41 
1.55019167E-01 (141 
1.64161790E-01 ( 91 
1.22569392E-01 (191 
6.00060006E+00 ( 41 
6~00060006E+00 I 91 
6~000h000hE+00  (141 
6.00060006Et00  I191 
1~00000000E+00 ( 41 
1.00000000E+00 I 9 )  
1 ~ 0 0 0 0 0 0 0 0 E ~ 0 0   ( 1 4 1  
1~00000000E+00  I191 
-4.40382321€+00 I 41 
-1.30437645Et00 t 91 
-2.05732909E+00 ( 14) 
-4.72977270E+00 ( 1 9 )  
8.21185699E-01 ( 5 )  
2.02203541E-01 I 1 0 1  
-6004219115E-01  (151 
-9.97711503E-01 ( 
le66417263E+01 I 51 
1.85C84020E+01 115) 
1.39745350E+Ol  1101 
1 e6088983 1E +01 ( 
1.59829929E+00 ( 5 1  
2.6458441OE+OO 1101 
1.76061569E600  115) 
1.5500C003E+00 ( 
1.3192C953E-01 ( 5 )  
1.73186431E-01 110) 
1 e46385392E-01  15 1 
1.20152566E-01 I 
6.OCO600C6Et00 I 51 
6~000600C6E+00  I101 
6.0006C006E+00 ( 1 5 1  
6.00060006E+00 I 
1~COOOOOOOE+00 I 51 
l ~ O O O O O O O O E + O O  ( 1 0 1  
1~CCOOOOOOE+00 115) 
1.000CCOOCE+00 ( 
-3.95561265E+00 I 5)  
-5.61140405E-01  101 
-2.76837490E+00 (151  
-4.92881352E+00 I 
7.20940345E-01 
1.00000444E-01 
-7.20940345E-01 
1.72603411E+Ol 
1.43900028E+OL 
1.72603411E+OL 
1.65222564E+00 
.2.73499988E+OO 
1.65222 564E+00 
1.38603977E-01 
1.79999970E-01 
1.38603977E-01 
-3.40922351E+00 
-2.43856132E-06 
-3.40922351E+00 
TARLE 11. Typica l  Somputer Output 
6 4 2   S E R I E S   F L A P  C A S E  
. f . . f . . f . . f . . f . . f . . f . . f ~ . f . . f * . f . . f . . f . . f ~ . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f ~ . f . . / . . / . ~ / . . / . . / * . / . .  
BODY AYGLE OF ATTACK, DEG. . = 16.00 
BODY HEIGHT  /SPAN. = .10 
ASPECT R A T I O  = 6.00 
ROOT THICKNESS CHORD - .18 
NUMBER OF SPANWISE  STATIOIJS. = 20 .00  
FLAP  SPAN f WING  SPAN. = .45 
FLAP  SETTING, DEC. = 60.00 
YING a o D Y  INCIDENCE, DEG . . = 0 .oo - 
COORDIYATES OF MOMENT REFERENCE  POINT 
VALUE OF O I S C R I C I N A N T .  = .001000 
B3DY  WIDTH / SPbN. . . . . . = . 1 0  
WING  HEIGHT /SPAh. . . 0 - 0.00 
T I P   H I C K N E S S  CHCRD. . 0 = .12  
GEOMETRIC T W l S T r  DEC - -4.94 
AERODYNAMIC T W I S T ,  DEG = -5 00 
TAPER  RATIO. o = 1.00 
- 
- 
REYNOLDS  NUMBER. . . . . . . = 6.00 
X =  0.00 2= 0.00 
. / . . / . . f * . f . . f . . f O . f . . f . . f . . f . . f . . f . . f . . f . . f . . f O . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . . f . ~ f . . f . . f . . / . . f . . ~ . . f . . / *  
O I S T R I B U T I O N  CF S E C T I O N   L I F T   C O E F F I C I E N T  
cn 
cn 1) 3 . 4 2 2 5 0 5 0 9 E - 0 1  ( 2 1   6 . 3 0 9 5 5 9 4 0 E - 0 1  ( 3 1   8 . 6 5 9 5 2 5 5 1 E - 0 1  I 4 1   1 . 0 6 1 7 0 5 6 1 E + 0 0  ( 5 )  1 . 2 4 1 1 4 6 0 8 E + 0 0  I 6 )   1 * 4 3 7 2 3 5 3 7 E + 0 0  7 )  1 . 8 2 9 8 1 8 5 2 E t O D  I 8 1  2 . 2 3 0 4 2 3 3 0 E t 0 0  ( 9 1   2 . 4 2 2 6 8 7 3 7 E t 0 0   ( 1 0 1   2 . 5 4 3 5 8 4 2 2 E t 0 0  
(11) 2 . 4 2 2 6 8 6 8 6 E + 0 0   ( 1 2 1   2 . 3 0 4 2 0 7 4 E + 0 0  ( 1 3 )  1 . 8 2 9 8 5 5 5 7 E + 0 0   ( 1 4 )1 . 3 7 2 3 2 2 6 E + O O   ( 1 5 )1 . 2 4 1 1 4 5 7 8 E + 0 0  
(161 1 . C 6 1 7 0 6 2 6 E t 0 0   1 1 7 )   8 . 6 5 9 5 4 4 7 9 E - 0 1   ( 1 8 1   6 . 3 0 9 5 9 0 8 5 E - 0 1  (19)  3 . 4 2 2 5 4 7 4 4 E - 0 1  1 
STALL M A R G I N   D I S T R I B U T I O N  
( 1) 1 . 2 C 7 7 4 9 5 2 E + 0 0  I 2 )   9 . 2 5 5 5 3 4 3 8 E - 0 1  ( 3 1   7 . 0 4 4 7 3 3 6 6 E - 0 1  ( 4 1   5 . 3 6 5 9 3 6 7 9 E - 0 1  t 5 1  4 . 1 1 0 7 9 5 5 7 E - 0 1  
( 6 )   3 o 2 3 3 8 0 3 2 2 E - 0 1  ( 7 1   2 . 9 7 2 7 1 3 7 8 E - 0 1  ( 8 1  3 . 2 7 9 2 6 3 1 0 E - 0 1  I 9)  2 . 7 3 1 5 6 7 3 2 E - 0 1  (101 1 . 9 1 4 1 5 6 6 1 E - 0 1  
(111 2 . 7 3 1 5 7 2 4 2 E - 0 1   ( 1 2 )3 . 7 9 2 8 8 7 3 E - 0 1   1 1 3 1   2 . 9 7 2 3 4 3 3 4 E - 0 1   ( 1 4 1   3 . 2 3 3 8 3 4 3 6 E - 0 1   ( 1 5 1   4 . 1 0 7 9 8 5 9 E - 0 1  
( 1 6 1   5 . 3 6 5 9 3 0 2 3 E - 0 1   ( 1 7 )   7 . 0 4 4 7 1 4 3 8 E - 0 1   ( 1 8 )   9 . 2 5 5 5 0 3 5 3 E - 0 1   1 1 9 )   1 . 2 0 7 7 4 5 2 9 E + 0 0  ( 
BODY ANGLE OF ATTACK. DEG. = 16 e 0 0  L I F T   C O E F F I C I E N T  . = 1.666010 .......................... 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 . . . . . . . . 0 . . . . . . . . 0 . 0 . . . . . . 0 . ' 0 0 * . . ~ . . ~ . * . . * * . ,  
TABLE 11. Concladed 
$ 1  i n c o r p o r a t e   t h e   f f e c t s  of l i nea r   spanwise   va r i a t ion   i n  s ec t ion  
camber for unflapped wings.  The e f f e c t  of a def lec ted  par t - span  
f l a p  on t h e  l i f t  d i s t r i b u t i o n s  i s  included. However, drag and 
p i t ch ing  moment r e s u l t s  are not  included for  these cases  because 
o f  the lack of  sect ion drag and p i t ch ing  moment c h a r a c t e r i s t i c s  
f o r  f l a p p e d  a i r f o i l s .  
The computer program described above constitutes a p a r t  
of t h i s  r e p o r t  and i s  t h e r e f o r e  a v a i l a b l e  f o r  p u b l i c  use through 
Computer Software Management and Information Center (COSMIC), 
a s  s t a t e d  i n  Appendix B. 
4.4 RESULTS OF SAMPLE CALCULATIONS 
The computer program was used t o  c a l c u l a t e  t h e  c h a r a c t e r -  
ist ics of three unflapped wings and one wing having a 60% span 
s p l i t  f l a p .  These  computer results were co r re l a t ed  wi th  the  
cor responding  theore t ica l  p red ic t ions  of References 1 and 2 and 
the   ava i lab le   exper imenta l   da ta .   F igures  15, 16, and 17 present  
computed l i f t ,  d r a g  and p i t ch ing  moment c h a r a c t e r i s t i c s  f o r  
unflapped wings of aspect ratio 8.04, 10.05 and  12.06, and Figure 
18, shows the  va r i a t ion  o f  l i f t  c o e f f i c i e n t  w i t h  angle of a t t a c k  
f o r  a flapped wing  of a s p e c t  r a t i o  9.02, having a 60% span, 
20% chord   sp l i t   f l ap .   Inc luded  i n  these f i g u r e s  a r e  t y p i c a l  
spanwise  d is t r ibu t ions  of s e c t i o n  l i f t ,  d r a g  and p i t ch ing  moment 
c o e f f i c i e n t s .  
The c o r r e l a t i o n  of t h e  computer r e s u l t s  v e r s u s  t h e o r e t i c a l  
c h a r a c t e r i s t i c s  of References 1 and 2 and t h e  ava i lab le  exper -  
imental  data  are  performed,  w h e r e  poss ib l e  on t h e  b a s i s  of t h e  
i n t eg ra t ed  va lues  a s  w e l l  a s  t he  spanwise  d i s t r ibu t ions  of wing 
character is t ics .   Unfortunately,   measurements  of  wing  character- 
i s t i c s  i n  t h e  p r e s e n c e  of  a fu se l age ,  e spec ia l ly  of the span 
load ing ,  a r e  ex t r eme ly  d i f f i cu l t  t o  o b t a i n  f o r  t h e  c l a s s  of  wing- 
fuselage  combinations  considered  herein,  A s  a r e s u l t ,  t h e r e  i s  
a lack  of su i tab le  exper imenta l  da ta  of the  type  requi red  for  
the  present  comparisons.  Some e x p e r i m e n t a l   d a t a   e x i s t s   f o r  swept 
wing body combinations but such data i s  not  appl icable  for  
c o r r e l a t i o n s  w i t h  t h e  s t r a i g h t  wing r e s u l t s .  
Examining Figures  15 through 18, it can be noted that t h e  
computer resul ts  a r e  i n  good agreement with the available exper- 
imental   data .  The s l igh t   d i f fe rences   be tween  the   p resent  compu- 
t a t i o n s  and those of References 1 and 2 a r e  a t t r i b u t e d  t o  hand 
versus  machine fair ing of t h e  s e c t i o n  c h a r a c t e r i s t i c s .  
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Drag  coefficient , CD 
Geometric  Washout = 4.5’ 
Aspect  Ratio = 8.04 
Reynolds  Number = 4.32~10~ 
Angle of attack, “CB Pitching-moment coef f iclent , Cm 
Root Section  4416 
Tip Section  4412 
Taper  Ratio = .4 
Figure 15. Exp3rimental and Calculated  Characteristics for a Wing 
of Aspect  Ratio 8.04. 
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Figure 15. Concluded 
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Drag  coefficient , CD 
Geometric Washout = 3.5' 
Aspect Ratio = 10.05 
Reynolds  Number = 3.49~10 6 
Angle of attack,oEB Pitching-moment 
coefficient , Cm 
Root Section  4420 
Tip  Section 4412 
Taper Ratio = .4 
Figure 16. Experimental and Calculated  Characteristics for a  Wing of 
Aspect Ratio 10.05 
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Figure 16. - Concluded 
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Drag  coefficient,  CD 
Geometric Washout = 3.0' 
Aspect Ratio = 12.06 
Reynolds  Number = 2 . 8 7 ~ 1 0 ~  
Of attack, <B coefficient, cm Pitching-moment 
Root Section 4424 
Tip Section  4412 
Taper Ratio = .4 
Figure 17. - Experimental and Calculated  Characteristics for a  Wing 
of Aspect Ratio 12.06. 
Fraction  semisDan 
~- 
Figure 17. Concluded 
73 
Fraction semispan 
( a )  Ca lcu la t ed  span  load  d i s t r ibu t ion  €o r  LOo angle of  a t t ack .  
Angle of a t t a c k  
( b )  Comparison of experimental  andcalculated l i f t  curve. 
Figure 18. Experimental and Calculated!Characteristics f o r  Wing 
with 60% Flap; Aspect Ratio 9.02; Taper Ratio 
0.4; Washout 2'. 
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SECTION 5 
PARAMETRIC  INVESTIGATION 
The  computer  program  was  used  to  determine  the  effect  of 
wing  geometry on  the  spanwise  lift  distribution,  the  location  of 
the  initial  stalling  point  and  the  corresponding  value of th
effective  maximum wing lift  coefficient, CLmax. A  similar 
investigation  based  on  a  linearized  formulation  of  the  lifting- 
line  theory is  reported in Reference 49. Th.e  present  results 
may  be  considered  as  an  extension  of  this  work  in  that  a  broader 
range  of  parameters  was  investigated  and  the  more  accurate  non- 
linear  theory  was  employed. 
5.1 RANGE OF PARAMETERS 
The  range  of  parameters  selected  for  this  study  is  representa- 
tive  of  that  applicable  to  present-day  1igh.t  aircraft. 
Computations  were  performed  for  wings  utilizing  the  three  basic 
airfoil  series  commonly  encountered, NACA 64 series, 44 series 
and 230 series.  These  calculations  were  selected  to  show 
the  effect  of  the  three  major  geometric  parameters,  aspect  ratio, 
taper  ratio  and  section  thickness,  together  with  the  influence 
of  washout  and  linear  camber  variation  from  root to ip.  Varia- 
tions  in  flight  Reynolds  number,  based  on  the  wing  mean  aerodynamic 
chord,  were  also  investigated  as  were  the  influences  of  a  part- 
span  deflected  flap  and  the  presence  of  a  fuselage. 
The variation  of  wing  thickness  and  ch.ord  length.  was  linear 
in all  cases  but  the  distribution of washout was  non-linear  in 
contrast  to  that  used  in  Reference 49. Th.e  non-linear  wash.out 
distribution  chosen  ensures  straight-line  leading  and  trailing 
edges.  Washout  was  aerodynamic  which  is  defined  as  the  angle 
between  the  zero-lift  lines  of  the  root  and  tip  sections.  All 
wings  were  of  trapezoidal  planform  without  rounded  tips,  and  zero 
sweep. 
The  investigation  encompassed  331  different  configurations 
which  are  summarized  in  Table 111. The  configuration  defined  by an 
aspect  ratio  of 6, a  Reynolds  number  of  6x106  and  a  root  and  tip 
thickness  chord  ratio  of 0.18 and 0.12 respectively  was  selected 
as  a  standard  case  for  systematic  variation  of  the  parameters. 
These  variations  included  the  values  of  aspect  ratios  of 6, 8 ,  
and 10, aerodynamic  washout  of O o ,  2%', 5O, and 7k0, taper  ratios 
of  0.5,  0.75  and 1.0; root  th.ickness  ratios  of 0.21, 0.18, 0.15, 
and 0.12; and  tip  thickness  ratios  of 0.12 and 0.15. 
The  complete  range of calculations  were  not  performed  for 
untapered  wings  having  7S0  washout  since  this  amount  of  twist 
would  not  normally  be  used  on  wings  of  this  planform.  However, 
to  assist in establishing  trends,  a few  computations  were  obtained 
for  this  washout. 
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TABLE 111 - SUMMARY OF  CONFIGUMTIONS  TUDIED 
(a> Wings of NACA 44XX Ai r fo i l  Sec t ion  
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TABLE I11 - SUMMARY OF CONFIGURATIONS STUDIED - Continued 
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TABLE 111 - SUMMARY OF CONFIGURATIONS STUDIED - Continued 
(c>  Wings of NACA 642XX Airfoil  Section , .Taper "" 
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TABLE I11 - SUMMARY  OF  CONFIGURATIONS  TUDIED - Concluded 
( d )  Effects of Camber, Fuselage and Flaps on Wings of Various NACA Airfoil 
Sect   ions .  
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5.2 METHOD O F  PRESENTATION O F  RESULTS 
The effects  of  var ious design parameters  on t h e  s t a l l i n g  
ch . a rac t e r i s t i c s  o f  unswept wing a i r c r a f t  are h.erein presented 
i n  th.e form of p l o t s  sh.owing t h e  s t a l l  marg in  d i s t r ibu t ions ,  
l o c a t i o n  and movement of s t a l l  b o u n d a r i e s  and t h e  maximum va lues  
of integrated wing l i f t  c o e f f i c i e n t .  
5 .2 .1   S ta l l   Margin   Dis t r ibu t ions  
T h e  s t a l l  m a r g i n , A  C t  , i s  de f ined  a s  th.e difference between 
t h e  maximum s e c t i o n  l i f t  c o e f f i c i e n t  and the s e c t i o n  l i f t  c o e f f i -  
c i e n t  when t h e  s t a l l  f i r s t  o c c u r s  on t h e  wing.  Figure  19 shows 
t y p i c a l  d i s t r i b u t i o n s  of C l  , Cf rnax andA CI computed f o r  t h e  
condi t ions   ind ica ted .  The spanwise  locat ion  of   zero  s ta l l   margin 
co r re sponds  to  the  po in t  of onset o f  s t a l l  and t h e  r a t e  of separa- 
t i on  o f  t he  ACl curve from t h e  h o r i z o n t a l  a x i s  i n d i c a t e s  t h e  r a t e  
of s t a l l  p ropaga t ion  ac ross  the  span .  A wing i s  usua l ly  assumed 
t o  have  su f f i c i en t  s t a l l  margin i f  a value of ACl = 0 .1  i s  ind ica-  
t e d  a t  t h e  70% semispan s ta t ion.  
Since i t  would  be  imprac t ica l  to  present  a l l  t h . r e e  d i s t r i b -  
u t ions  (i. e. C t  , C t  max , and Act 1 for each of t h e  331 cases 
computed, i n  t h e  manner presented i n  F-igure 19,  only t h e  d i s t r i b -  
u t i o n s  of s ta l l  margin are given. 
5 .2 .2  S t a l l   Boundar i e s  
I n  g e n e r a l ,  t h . e  c u r v e  r e p r e s e n t i n g  t h e  s p a n w i s e  l i f t  d i s t r i b -  
u t i o n  a t  t h e  o n s e t  of  wing s t a l l  i s  t a n g e n t  t o  t h e  s ec t ion  C l r n a x  
curve  a t  more than  one  Doint.  This imp l i e s  t h a t  a few adjacent  
wing sec t ions  ( i . e .  a po r t ion  of t h e  wing span) can be stalled 
s imul taneous ly   a t  a given  operat ing  condi t ion.  T h e  l i m i t i n g  
values of spanwise locations encompassing t h e s e  s t a l l e d  s e c t i o n s  
a re  de f ined  a s  t h e  s t a l l  b o u n d a r i e s .  U s i n g  s t a l l  m a r g i n  d i s t r i b -  
u t i o n s ,  such. a s  shown i n  F i g u r e  1 9 ,  t h e  i nne r  and outer boundar- 
ies of th .e  s t a l l e d  wing area  can  be  es t imated  as  t h e  spanwise 
l o c a t i o n s  where ACl= 0.01. Furthermore, t h . e  movement of these 
s t a l l  boundar i e s  a f f ec t ing  the  g rowth  and the propagation of 
wing s t a l l  a r eas  can  be  expres sed  a s  a func t ion  of t h e  b a s i c  
design  parameters.  Fo r  example,   using  Figures  19(a>  and  19(b1 
t h e  s t a l l  a r e a s  f o r  th .e  unflapped and t h . e  f lapped wing configura-  
t ions  cons idered  a re  def ined  by t h e  s t a l l  b o u n d a r i e s  50% t o  68% 
and 10% t o  40% of t h e  wing span, respectively.  
5.2.3 Maximum L i f t  Coef f ic ien t  
Maximum l i f t  c o e f f i c i e n t  i s  an important c r i t e r i o n  i n  
a s s e s s i n g  w i n g  s t a l l  c h . a r a c t e r i s t i c s  a s  a f f e c t e d  by t h e  v a r i a t i o n  
of   basic   design  parameters .  Th . i s  l i f t  c o e f f i c i e n t  i s  def ined 
as  the  in tegra ted  va lue  obta ined  f rom the  spanwise  l i f t  d i s t r ibu-  
t i o n s  when any one o f  t h e  wing s e c t i o n s  i s  s t a l l e d .  Such s t a l l  
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(a)  Unflapped  wing - 230 series  sections. 
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(b)  Flapped  wing - 60% span  flap - 642 series  sections. 
Figure 19. - Typical Lift  Distributions  Along Wing Span 
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i s  obtained when t h e  l o c a l  s e c t i o n  l i f t  c o e f f i c i e n t  Cf  equa l s  
th .e  maximum value  ( C f  max 1 of th .a t  sect ion.  Th. i s  value depends 
p r imar i ly  on sec t ion  th ickness-chord  ra t io ,  Reynolds  number 
and t h e  a i r f o i l  t y p e .  T y p i c a l  v a r i a t i o n s  of t h . e  maximum sec t ion  
l i f t  c o e f f i c i e n t  ( C f m a x  1 wi th  th.ese parameters i s  sh.own i n  F i g u r e  
20. The effects  of   var ious  design  parameters  on i n t e g r a t e d  
maximum wing l i f t  c o e f f i c i e n t  a r e  h e r e i n  p r e s e n t e d  i n  the form 
of c a r p e t  p l o t s .  T h e s e  p l o t s  f a c i l i t a t e  l i n e a r  r e a d i n g s  of  non- 
l inear  relat ionships  between th.ree v a r i a b l e s  and th.us permit 
more accu ra t e  in t e rpo la t ion  (or e x t r a p o l a t i o n )  f o r  i n t e r m e d i a t e  
values of  t 'ne  parameters. However, s i n c e  t h i s  method  of d a t a  
p re sen ta t ion  i s  no t  a s  commonly used  a s  the  f ami l i a r  X-Y p lo t ,  an  
explana t ion  o f  the  use  of  carpe t  p lo ts  i s  p resen ted  in  the  
following  sub-section. 
5 .2 .4   Carpet   Plots  
The procedure  for  cons t ruc t ing  and reading  carpe t  p lo ts  can  
b e  b e s t  i l l u s t r a t e d  by t h . e  following  example: T h e  c a r p e t  p l o t  
shown i n  F i g u r e  2 1  r ep resen t s  th .e  v a r i a t i o n  of C L m a x  w i t h  Reynolds 
number and t a p e r  r a t i o  f o r  a wing employing 230 series sec t ions  
and a cons tan t   va lue  of  washout  of 7 % O .  Curve ( abc )  on t h i s  
c a rpe t  i s  a convent ional  (x-y)  plot  of C L m a x  v Reynolds number 
f o r  a cons tan t  va lue  of  taper  ra t io  of  0 .5 .  T h e  ind ica ted  hor -  
i zon ta l  un i t  d i s t ance  co r re sponds  t o  a change i n  Reynolds number 
of  1x106.  Thus,   point  (a)  corresponds t o  Reynolds number of 
3x106  and po i  t ( b )  which i s  3 h o r i z o n t a l  u n i t s  from ( a ) ,  c o r r e s -  
ponds t o  6x10' and po in t  ( c )  t o  9x106. T h e  curve   (def )   p resents  
a s i m i l a r  p l o t  f o r  a t a p e r  r a t i o  of 0.75. 
However, i n s t e a d  of p l o t t i n g  d a t a  f o r  x = .75 on t h e  same 
hor i zon ta l  s ca l e  a s  t h . a t  fo r  cu rve  ( abc 1 a new sca l e  i s  ch.osen 
whose o r i g i n  i s  2% h .or izonta1  uni t s  t o  th . e  r i g h t  of t h . e  po in t  
( a ) ,  r e f l e c t i n g  th .e  change i n  t a p e r  r a t i o  from  0.5 t o  0.75. T h u s ,  
a s  r e g a r d s  c h a n g e s  i n  t a p e r  r a t i o ,  each. h o r i z o n t a l  u n i t  c o r r e s -  
ponds t o  a change  inXequal t o  0.1. S imi l a r ly  cu rve  (gh i )  fo r  X 
= L. 0 i s  p l o t t e d  5 u n i t s  t o  th .e  r i g h t  o f  p o i n t  ( a )  o r  2% u n i t s  
t o  the  r igh. t   f rom  point   (b) .   After  a new o r i g i n  i s  se l ec t ed  
f o r  e a c h  t a p e r  r a t i o  ( i . e .  p o i n t  ( a )  f o r  X =  0.5 ,  po in t  (d)  
f o r  X = 0.75 and point  (g)  for  X =  1.01, t h e  p l o t t i n g  of  t h . e C L m o x  
vs. R e  c u r v e s  f o r  each t a p e r  r a t i o  i s  accomplished in th .e  conven- 
t i o n a l  way. If a l l  p o i n t s  c o r r e s p o n d i n g  t o  t h e  same value of CL max 
Reynolds number a r e  now joined,  e:g.   curves  (adg)  (beh) and ( c f i ) ,  
t h e  r e s u l t i n g  c u r v e s  show t h e  v a n a t i o n  of C L m a x  w i th  t ape r  
r a t i o  fo r  cons t an t  va lues  of  Reynolds  number. 
Reading t h e  ca rpe t  i s  as s imple   as   cons t ruc t ing  i t .  I f  
the va ue of C L m a x  i s  r equ i r ed ,  s ay ,  fo r  x = 0.62  and R e  = 
5 . 3 ~ 1 0  &= it  can be obtained as  fol lows:  F o r  a l l  t h r e e  va lues  
of t a p e r  r a t i o  l o c a t e  and j o i n  p o i n t s  ( j ) ,  (k) and (1) correspond- 
i n g  t o  R e  = 5 . 3 ~ 1 0 6  . This  i s  accomplished by  moving 2.3 
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hor izonta l  un i t s  towards  the  r igh t  f rom poin t  ( a )  t o  l o c a t e  
po in t  (j) on t h e  X = 0.5 curve,  2.3 horizontal  units from point 
( d )  t o  l o c a t e  p o i n t  (k) on th.e x = 0.75 curve and th.e same 
number o f  u n i t s  f r o m  p o i n t  ( g )  t o  l o c a t e  p o i n t  (1) on th.e x = 1.0 
curve .   S imi la r ly ,   loca te   and   jo in   po in t  (m) (n )  and (0) moving 
1 . 2  ho r i zon ta l  un i t s  f rom po in t s  ( a ) ,  (b)  and (c)  on th.e co r re s -  
ponding  Reynolds number curves ,   respec t ive ly .  The p o i n t  of i n t e r -  
s ec t ion  (p )  o f  t he  curves ( i h l )  and (mno) y i e l d s  t h e  r e q u i r e d  
value of  C L ~ ~ ~  = 1.445 f o r  X = 0.62 and R e  = 5 .3~106 .  
5.3 COMPUTER  RESULTS 
P r e s e n t e d  i n  t h i s  s e c t i o n  i s  a compi la t ion  of  wing  s ta l l  
design charts  obtained from the computer  program. These charts  
can  be  used  in  pre l iminary  des ign  of unswept wing a i r c r a f t  f o r  
determining optimum geometric parameters of a wing t o  y i e l d  good 
s t a l l i n g  c h a r a c t e r i s t i c s .  The e f f ec t s  of th.ese geometric  par- 
ameters on s t a l l i n g  b e h a v i o r  of s t r a i g h t  wing a i r c r a f t  are 
d i s c u s s e d  i n  t h e  following pages.  
5.3.1  Effect  of  Aspect  Ratio 
Figures  2 2 ,  23 ,  and  24 show th .e  e f f e c t  o f  a spec t  r a t io  on 
wing s t a l l  margins,  s t a l l  boundaries and t h e  va lues  of maximum 
wing l i f t  c o e f f i c i e n t ,  r e s p e c t i v e l y .  Each. of  th.ese f i g u r e s  i s  
p r e s e n t e d  f o r  t h r e e  d i f f e r e n t  families of a i r f o i l  s e c t i o n s ,  i. e. 
230,  44  and  642 series,  and f o r  a range of  wing taper  ra t ios  
between  0.5  and 1.0 and  wing  wash.out  between 0 and 74O. 
Examining Figure 22 it can  be  noted  tha t  an  increase  in  
a s p e c t  r a t i o  r e s u l t s  i n  a reduction of th . e  s t a l l  margins a t  o u t -  
board  wing  s ta t ions.  T h i s  e f f ec t  i s  minimized a t  high  values 
of wash.out  and  wing taper   ra t ios .   Fur thermore ,   as   can   be   seen  
from Figures 2 3  and 24, an increase i n  aspect r a t i o  appears t o  
h.ave little e f f e c t  on t h e  spanwise  loca t ion  of  s ta l l  boundar ies  
and y i e l d s  o n l y  a sma l l  i nc rease  in  wing maximum l i f t  c o e f f i c i e n t .  
It can therefore be concluded that although. wing a s p e c t  r a t i o  
i s  import ant from a i r c r a f t  performance considerat  ions,  i t s  
e f fec t  on t h e  s t a l l i n g  h a r a c t e r i s t i c s  i s  very  small. F o r   t h i s  
reason the remaining s t a l l  r e s u l t s  which. a r e  p r e s e n t e d  i n  t h i s  
s e c t i o n  f o r  a s p e c t  r a t i o  o f  6 only are considered t o  be  typ ica l  
and r e p r e s e n t a t i v e  f o r  t h e  r a n g e  o f  a spec t  r a t io s  a s soc ia t ed  
wi th  p re sen t  day  1 igh . t  a i r c ra f t .  
5.3.2 E f f e c t  of Taper Rat io  
". 
Figures  22 through 24 a l s o  show t h . a t  t a p e r  r a t i o  i s  one of 
t h e  most  dominant  design parameters  affect ing wing s ta l l  charac-  
terist ics.  For  any  f ixed  aspec t  ra t io  and  wing  washout  an 
i n c r e a s e  i n  t a p e r  r a t i o  from x = 0.5 t o  X = 1.0 ( r ec t angu la r  
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wing) results i n  a s u b s t a n t i a l  i n c r e a s e  i n  s t a l l  margin on 
the  outer  por t fon  of  th.e wing .  This  increase  in  s ta l l  marg in  
i s  assoc ia ted  wi th  a s h i f t  of s ta l l  boundaries toward the inner 
po r t ion  of  t h e  wing. 
The advan tage  o f  t he  f avorab le  s t a l l i ng  cha rac t e r i s t i c s  
ob ta inable  by inc reas ing  wing t ape r  r a t i o  i s  somewhat o f f s e t  by 
a reduct ion  o f  wing C L m a x  and hence,  for  a given wing loading,  an 
increase i n  s t a l l i ng  speed .  Th i s  r educ t ion ,  which  can  be a s  
h igh  as  12% based on t h e  CL rnax v a l u e s  f o r  a rectangular  wing,  
depends on t h e  a i r f o i l  s e c t i o n s  and wing wash.out. 
5.3.3 Effect of Wing Washout - 
Washout i s  of ten used t o  promote d e s i r a b l e  s t a l l i n g  c h a r a c -  
ter is t ics .  For  a given  value of  wing l i f t  c o e f f i c i e n t ,  t w i s t i n g  
t h e  t i p  s e c t i o n  r e l a t i v e  t o  th.e r o o t  sect ion reduces the values  
of s e c t i o n  l i f t  c o e f f i c i e n t  i n  t h . e  t i p  r e g i o n s  and inc reases  
s e c t i o n   l i f t   c o e f f i c i e n t   a t   i n b o a r d   s t a t i o n s .   S i n c e   t h e   d i s t r i b -  
u t i o n  of s ec t ion  maximum l i f t  c o e f f i c i e n t  i s  unaffected by t w i s t ,  
t h e  n e t  r e s u l t  i s  t o  i n c r e a s e  t h e  s t a l l  m a r g i n s  i n  t h e  t i p  r e g i o n  
and t o  sh . i f t   t he   s t a l l   boundar i e s   i nboa rd  of t h e  wing. Th.ese 
effects  can be seen from Figures  22 and 23. 
Examining th.ese figures it can be noted that  for  a t a p e r  
r a t i o  of 0.5 washout exe r t s  r e l a t ive ly  sma l l  i n f luence  on the  
s t a l l  margins   a t  70% semispan. A s  t a p e r  r a t i o  i n c r e a s e s ,  however, 
t h e  e f f e c t i v e n e s s  of  wash.out  becomes g r e a t e r  and i s  most e f f e c t i v e  
f o r  a rec tangular  wing (1 = 1). However,  a rec tangular  wing i s  
un l ike ly  t o  r e q u i r e  wash.out s ince,  as  discussed previously,  wings 
of  this  planform normally exhibi t  good s t a l l i n g  c h a r a c t e r i s t i c s .  
The b e n e f i c i a l  e f f e c t  of washout appears t o  b e  o f f s e t  by t h e  
adve r se  e f f ec t  of the  l inear ly   diminishing  Reynolds  number. There- 
fo re ,  t he  use  of  wash.out  seems most j u s t i f i e d  f o r  moderate values 
of  wing t a p e r  r a t i o .  
Furthermore, Figure 24  ind ica t e s  t h . a t  fo r  f i xed  va lues  of 
a s p e c t  r a t i o  and t a p e r  r a t i o ,  wing  wash.out tends  t o  reduce the 
value of CL max . The amount of t h i s  reduction depends on t h . e  wing 
sec t ions  and the  va lue  of washout used. 
In  add i t ion  t o  the  e f fec ts  d i scussed  above ,  washout may 
a f f e c t  wing performance through. changes i n  b o t h  wing p r o f i l e  
and induced  drag. The increase   in   induced   drag   coef f ic ien t  
due t o  washout  above th . a t  fo r  an untwisted wing i s  p resen ted  in  
Figure 25 f o r  t w o  va lues  of a s p e c t  r a t i o  6 and 10. Th.e d a t a  i s  
f o r  a  wing  h.aving  230 series sec t ions  w i t h  r o o t  and t i p  t h i c k n e s s -  
chord  r a t io s  of .18 and .12, r e spec t ive ly .  
A s  can be seen, a t  low va lues  of l i f t  c o e f f i c i e n t  th .e  use 
of washout causes an increase in induced drag while at  high. values 
of CL washout reduces  induced  drag.  Increased  induced  drag  levels 
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at  low l i f t  c o e f f i c i e n t s  may impair cruise perfonnance depending 
on t h e  amount of t he  inc rease  relative t o  t h e  o v e r a l l  d r a g  
c o e f f i c i e n t  of the  a i rplane.   Changes i n  p r o f i l e  d r a g  d u e  t o  
washout were found t o  b e  s u f f i c i e n t l y  small t h a t  t h e i r  effects 
on wing performance can be neglected. 
5.3.4 Effect of  Root  Thickness-Chord ~~ ~~ R a t i o  
The effect  o f  roo t  t h i ckness -chord  r a t io  on wing s t a l l i n g  
charac te r i s t ics  can  be  depic ted  f rom Figures  26 ,  27 and 28. Th.ese 
f i g u r e s  are presented  for  an  aspec t  rat  i o  o f  6 wing having the 
t i p  t h i c k n e s s  f i x e d  a t  a constant  value of  12% and t h e  r o o t  
thickness  varying between 12% and 21%. T h r e e  f a m i l i e s  o f  a i r f o i l  
s e c t i o n s  are considered;  230 series, 44 series and 642 series. 
These  f igures  sh.ow t h . a t  f o r  t h e  wing  employing  230 series 
a i r f o i l s  i n c r e a s i n g  r o o t  t h i c k n e s s - c h o r d  r a t i o  resul ts  i n  an 
i n c r e a s e  i n  s t a l l  margins for outboard wing sections,  a genera l  
inboard movement of  th . e  s t a l l  boundar i e s  and  a d e c r e a s e  i n  wing 
maximum l i f t  c o e f f i c i e n t .  
S imi la r  e f fec ts  of th . e  roo t  t h i ckness - r a t io  can  be  no ted  fo r  
t h e  wing  employing  44-ser ies  a i r fo i l s ,  however ,  in  t h i s  case 
t h e  v a r i a t i o n  i n  t h e  s t a l l i n g  c h . a r a c t e r i s t i c s  i s  less pronounced. 
For th.e wing  employing 642 series a i r f o i l  s e c t i o n s ,  an 
inc rease  in  roo t  t h i ckness -ch .o rd  r a t io  causes a r e d u c t i o n  i n  th .e  
s t a l l  margins on th.e outboard portion of th .e  wing and t e n d s  t o  
move t h e  s t a l l  b o u n d a r i e s  o u t b o a r d  i n  c o n t r a s t  t o  th.e t r e n d s  
ind ica t ed  by t h e  r e s u l t s  f o r  t h e  o t h . e r  series. T h . i s  e f f e c t  i s  
p r i m a r i l y  d u e  t o  t h e  v a r i a t i o n  of C t  max w i t h .  t h i ckness -chord  r a t io  
f o r  t h i s  p a r t i c u l a r  a i r f o i l  series. A s  can  be seen from  Figure 
20 t h e  amount by wh.ich clrnax decreases  w i t h .  i n c r e a s e s  i n  s e c t i o n  
th i ckness -chord  r a t io s  above 12% i s  g r e a t e s t  f o r  t h e  230 series 
a i r f o i l s ,  less f o r  t h e  4 4  series and l e a s t  f o r  t h e  642 series 
s e c t i o n s .  I n  f ac t ,  f o r  Reynolds  numbers  greater  than  6x106  the 
642 series shows a small r ise  i n  C l  rnax wh.en the  sec t ion  th . ickness  
chord  r a t io  inc reases  f rom .12 t o  .15. 
Furthermore,  for  a g iven  spanwise  d is t r ibu t ion  of  sec t ion  
Reynolds number and th ickness-chord  ra t io  the  curve  of Cfrnax 
versus spanwise dis tance w i l l  be f l a t t e s t  f o r  t h e  wing employing 
642 series sec t ions .  T h . i s  h.as th .e  effect  of  promoting s t a l l  
fur ther  ou tboard  than  would be  the  case f o r  t h e  wings composed 
of e i t h e r  44 o r  230 series sec t ions .  
The fac t  that the dependence of c C  rnax on ( t / c )  is least  
f o r  t h e  642 series a i r f o i l s  i s  a g a i n  r e f l e c t e d  i n  t h e  r e su l t s  
f o r  wing maximum l i f t  c o e f f i c i e n t  as shown i n  F i g u r e  28. For 
t h i s  c a s e  i n c r e a s i n g  r o o t  t h i c k n e s s - c h o r d  r a t i o  resul ts  i n  t h e  
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smallest r educ t ion  in  the  va lue  o f  maximum wing l i f t  c o e f f i c i e n t .  
5.3.5 Effect of  Tip  Thickness-Chord ~~ Ratio 
Figures 29 and  30 show the  e f f ec t s  o f  t i p  t h i ckness -chord  
r a t i o  on  wing s t a l l i n g  characteristics. The results are presented  
f o r  a wing having a roo t  t h i ckness -chord  r a t io  f ixed  a t  a cons tan t  
value of 0.18 and t i p  t h i c k n e s s - c h o r d  r a t i o s  of  0.12 and 0.15. 
Limited computations were performed f o r  t i p  t h i c k n e s s - c h o r d  r a t i o  
of  0 .18  pr imar i ly  for  the  purpose  of  es tab l i sh ing  ex t rapola t ion  
t r ends  fo r  t he  va r i a t ion  o f  wing maximum l i f t  c o e f f i c L e n t .  
Figures 29 and  30 i n d i c a t e  t h a t  t h e  e f f e c t  of  increasing the 
t i p  t h i c k n e s s - c h o r d  r a t i o  i s  t o  r e d u c e  t h e  s t a l l  m a r g i n s  and t h e  
value of  maximum wing l i f t  coe f f i c i en t .  Th i s  i s  due t o  t h e  f a c t  
t h a t  a n  i n c r e a s e  i n  t i p  t h i c k n e s s - c h o r d  r a t i o  r e s u l t s  i n  r e d u c e d  
va lues  of  sec t ion  maximum l i f t  c o e f f i c i e n t  i n  t h e  v i c i n i t y  o f  
t he  wing t i p ,   t hus   y i e ld ing   l ower  s t a l l  margins. A l s o ,  t h e  
reduct ion  in  the  va lues  of  maximum wing l i f t  c c e f f i c i e n t  i s  
s m a l l e r  t h a n  t h a t  due t o  increas ing  root  th . ickness-chord  ra t io .  
This  i s  because  the  major  e f fec t  of changes i n  t i p  t h . i c k n e s s  i s  
confined t o  t h e  t i p  r e g i o n s  where t h e  wing loading i s  least .  
A l though  the  e f f ec t  o f  t i p  t h i ckness -chord  r a t io  on s t a l l  
boundaries i s  not  presented ,  i t  i s  expected t o  be similar t o  
t h a t  o f  t h e  r o o t  t h i c k n e s s - c h o r d  r a t i o  d i s c u s s e d  i n  t h e  p r e v i o u s  
sub-section. 
5.3.6  Effect  of  Flight  Reynolds Number 
Since the maximum l i f t  c h a r a c t e r i s t i c s  o f  most  a i r f o i l  
s e c t i o n s  are inftuenced by Reynolds number (see Figure  20)  th i s  
p a r a m e t e r  v t e n t 1 a l l y  r e p r e s e n t s  a n  e f f e c t i v e  means o f  con t ro l l i ng  
o v e r a l l  wing s t a l l  behavior.  
The e f f e c t  of f l i g h t  Reynolds number  on s t a l l  marg in  d i s t r ib -  
u t i o n s ,  s t a l l  boundaries and wing maximum l i f t  c o e f f i c i e n t  i s  
shown i n   F i g u r e s  31, 32 and  33,   respect ively.   These  f igures  
i n d i c a t e  t h a t  f o r  wings  employing  230  and 44 series sec t ions  an  
i n c r e a s e  i n  f l i g h t  Reynolds number results i n  i n c r e a s e d  s t a l l  
margins over the outboard wing s t a t ion  and  a s h i f t  of s t a l l  bound- 
ar ies  towards  the wing root .  However, exac t ly   oppos i te   t rends  
are ind ica t ed  f o r  wings  employing 642 a i r f o i l  s e c t i o n s .  An 
explanat ion of  this  behavior  can again be obtained using the 
r e s u l t s  of Figure 20. 
It can  be  no ted  f rom th i s  f i gu re  tha t  fo r  t he  230 and 44 ser- 
ies  a i r f o i l s  t h e  ra te  of increase of  maximum l i f t  c o e f f i c i e n t  w i t h  
Reynolds number i s  l a r g e r  f o r  t h . e  t i p  s e c t i o n s  ( t / c  = 0.12) than 
t h a t  f o r  t h e  r o o t  s e c t i o n s  ( t / c  = 0.18).   This  produces  larger 
s t a l l  marg insa t  t he  ou tboa rd  ( th inne r )  wing sec t ions  wi th  increase  
i n  f l i g h t  Reynolds number. 
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However, f o r  t h e  642 series sec t ions  F igu re  20 ind ica tes  th .e  
oppos i te  e f fec t ,  namely t h a t  t h e  ra te  of increase of max imum 
s e c t i o n  l i f t  coef f ic ien t  wi th  Reynolds  number i s  much larger f o r  
t he  inboa rd  sec t ions  ( t / c  = 0.18) t h . a n  t h a t  f o r  the outboard 
s e c t i o n s  ( t / c  = 0.12). T h i s  produces a spanwise  variation  of 
maximum l i f t  c o e f f i c i e n t  which has  an inc reas ing ly  downward s lope  
toward the wing t ips  and,  s ince the value o f  l oca l  l i f t  c o e f f i c -  
i e n t  a t  any wing section increases with Reynolds number, t h e  
s t a l l  margins a t  th .e  outboard sect ions w i l l  be reduced. 
The e f fec t  of Reynolds number on wing maximum l i f t   c o e f f i c -  
i e n t  shows the expected increase with increasing Reynolds  number. 
For  t he  230 series wing the maximum lift c o e f f i c i e n t  i n c r e a s e s  
a lmost  l inear ly  with Reynolds  number between 3 and 6 mi l l i on ,  bu t  
w i th  a f u r t h e r  i n c r e a s e  t o  9 m i l l i o n  t h e  ra te  of i nc rease  i s  
reduced.  This  trend i s  predic tab le   f rom  the   sec t ion   charac te r -  
i s t i c s  where i t  can be seen t h . a t  t he  g rea t e s t  ch . anges  in  sec t ion  
maximum l i f t  coe f f i c i en t  occu r s  be low Reyno lds  number  of 6x106. 
F o r  th . e  wing serie.s 44 and 642 t h e  v a r i a t i o n  of maximum wing l i f t  
c o e f f i c i e n t  w i t h  Reynolds number i n  the range of 6 t o  9 m i l l i o n  
i s  more l i n e a r ,  a g a i n  r e f l e c t i n g  t h e  t r e n d  o f  t h e  a i r f o i l  
s ec t ion  c h a r a c t e r i s t i c s  
5.3.7  Effect  of Wing Camber 
Th.e e f f e c t  of a l i n e a r  r o o t - t o - t i p  i n c r e a s e  i n  wing  camber 
on t h e  s t a l l  margins i s  shown i n  F i g u r e  3 4  f o r  t h . r e e  values of 
t a p e r  r a t i o ,  t h r e e  Reynolds  numbers  and  zero  wing  wash.out. Th.e 
r e s u l t s  are compared w i t h  t h o s e  f o r  a cons t an t  camber. Th.e 
camber var ia t ion  chosen  was 64218 r o o t  s e c t i o n  and 64412 t i p  sec- 
t i o n .  
A s  can be seen from t h i s  f i g u r e  t h e  p a r t i c u l a r  camber v a r i a -  
t i o n  chosen i s  no t  ve ry  e f f ec t ive  i n  changing th .e  s t a l l  m a r g i n s  
on the  outboard  sect ions  of  t h e  wing.   This   ineffect iveness  i s  
a t t r i b u t e d ,  i n  p a r t ,  t o  t h e  p a r t i c u l a r  c h o i c e  of a l i n e a r  v a r i a -  
t i o n  of  camber. I t  i s  expec ted  tha t  a l a r g e r  i n c r e a s e  i n  s t a l l  
margins would be obtained for a d i f fe ren t  combina t ion  of camber 
and wing a i r f o i l  s e c t i o n s .  
5.3.8  Effect  of  Fuselage 
Figure 35 p resen t s  th.e computer resul ts  f o r  a wing alone and 
a h.igh. wing mounted on a fuse lage  of e l l i p t i c a l  c r o s s - s e c t i o n .  
The wing has an aspect ratio of 6 (based on t h e  g r o s s  wing a r e a )  
with zero washout,  and root and t i p  t h i c k n e s s  r a t i o s  of  0.18  and 
0.12,   respect ively.  
The computations were performed f o r  t a p e r  r a t i o s  of 0.5, 
0.75  and 1.0 and wing-fuselage s e t t i n g s  o f  O o ,  2' and 4'. T h e  
spanwise d i s t r i b u t i o n s  o f  l i f t  c o e f f i c i e n t  a t  s t a l l  were found 
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fd t o  b e   n e a r l y   i d e n t i c a l   f o r  a l l  the   wing-fuse lage   se t t ings  
cons ide red ,  t hus  r e su l t i ng  i n  the  va lue  of  maximum wing l i f t  
c o e f f i c i e n t  (CLmax)  being  unaf fec ted  by the wing-fuselage 
incidence.  The e f f ec t   o f   pos i t i ve   w ing- fuse l age   s e t t i ng  i s  
mere ly  to  reduce  the  body ang le  o f  a t t ack  a t  which t h e  s t a l l  
f i r s t  o c c u r s .  T h i s  r e d u c t i o n  i s  approximately  equal   to  the 
wing-fuselage  incidence.  
Figure 35 i n d i c a t e s  t h a t  f o r  th.e high wing configurat ion 
shown, t h e  e f f e c t  of fuselage i s  t o  s l i gh . t l y  r educe  the  wing 
load ing  spec ia l ly  i n  the  r eg ion  c lose  to  the  fuse l age .  A s i m i l a r  
reduct ion  i s  ind ica t ed  by the  expe r imen ta l  r e su l t s  of Reference 
50 where the l i f t   d i s t r i b u t i o n  on a h igh  wing  c i rcu lar  fuse lage  
combination i s  presented.  
5 .3 .9   Ef fec t   o f   Par t ia l  Span Flap   Def lec t ion  
Figure 36  shows t h e  e f f e c t s  o f  f l a p  d e f l e c t i o n  and f l a p  
span on t h e  s t a l l i n g  c h a r a c t e r i s t i c s  of a r ec t angu la r  wing wi th  
6 4 - s e r i e s  s e c t i o n s  o p e r a t i n g  a t  a f l igh t  Reynolds  number  of 6 
mi l l i on .  The r e s u l t s  a r e  p r e s e n t e d  f o r  t h e  wing  having a 20% 
c h o r d  s p l i t  f l a p ,  d e f l e c t e d  60° and extending over 45%, 60% and 
70% of th .e  wing span. 
It can be noted from t h i s  f i g u r e  t h a t ,  t h e  d e f l e c t i o n  of a 
pa r t - span  f l ap  lowers  the  s t a l l  marg ins  on t h e  outboard port ion 
of t h e  wing  and causes  the  wing  to  s t a l l  fu r the r  ou tboa rd .  
Furthermore, for the  range considered,  increasing f lap span 
moves the  s t a l l  boundar i e s  i nboa rd  and inc reases  wing maximum 
l i f t  c o e f f i c i e n t .  It  shou ld  be  no ted  tha t  t he  s t a l l  po in t  on a 
f lapped wing does not  a lways occur  a t  the f lar  end as  would be 
p red ic t ed  by simples analytical  methods th.an h.e one  used  In 
t h . i s  program. 
A d i scuss ion  of t h e  above r e s u l t s  and t h e i r  in f luence  on 
the  des ign  of an a i r p l a n e  f o r  good s t a l l  c h a r a c t e r i s t i c s  i s  
given i n  Sec t ion  7.  
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SECTION 6 
SCALE  MODEL WIND TUNNEL  TESTING 
It has  previously been shown t h a t  t h e  s t a l l i n g  c h a r a c t e r -  
i s t ics  of an isolated wing, with or without  def lec ted  f laps ,  can  
be  adequate ly  pred ic ted  through appl ica t ion  of  ex is t ing  theore t -  
i c a l  methods. I n  t h e  case of a complete  airplane,   however,   the 
i n t e r f e r e n c e  of  the  fuse lage ,  engine  nace l les ,  p rope l le r  s l ip -  
stream, e tc . ,  on the flow over the wing may be such. as t o  dras -  
t i c a l l y  modify t h e  wing s t a l l i n g  c h a r a c t e r i s t i c s .  The i n t e r f e r -  
ence  e f f ec t s  of t he  fuse l age  and nacelles are p red ic t ab le  wi th  a 
f a i r  d e g r e e  o f  r e l i a b i l i t y  as long as po ten t i a l  f l ow cond i t ions  
preva i l .   Unfor tuna te ly ,   the  body i n t e r f e r e n c e   e f f e c t s   o f t e n  
p rec ip i t a t e  f low sepa ra t ion  and a v a i l a b l e  t h e o r i e s  are not  capable  
of  predict ing such phenomena. A t  t he  p re sen t  t i m e  no theory i s  
a v a i l a b l e  t o  a d e q u a t e l y  p r e d i c t  t h e  e f f e c t  o f  t h e  p r o p e l l e r  s l i p -  
stream on wing s t a l l i n g  c h a r a c t e r i s t i c s .  
For  these reasons,  i t  i s  h igh ly  des i r ab le  to  ob ta in  expe r -  
imenta l  in format ion  concern ing  the  comple te  a i rp lane  s ta l l ing  
charac te r i s t ics   before   the   a i rp lane   goes   in to   p roduct ion .   In  
c e r t a i n  c a s e s  economic considerations may ind ica t e  the  cons t ruc -  
t i o n  o f  a prototype model of  the  a i rp lane  wi th  subsequent  f l igh t  
t e s t ing  to  ob ta in  expe r imen ta l  i n fo rma t ion  upon which t o  p r e d i c a t e  
t h e  f i n a l  d e s i g n .  I n  o t h e r  cases, i t  may be more f e a s i b l e  t o  
conduct a scale model wind t u n n e l  i n v e s t i g a t i o n  e a r l y  i n  t h e  
a i rp l ane  des ign  s t age  in  o rde r  t o  ob ta in  the  des i r ed  in fo rma t ion .  
Dur ing  the  per iod  pr ior  to  World War I1 wind tunnel  tes ts  
were o r d i n a r i l y  made of models without propellers and empirical  
methods w e r e  r e l i e d  on t o  account f o r  t h e  e f f e c t s  o f  p r o p e l l l e r  
opera t ion  on  the  observed  charac te r i s t ics .  Such a procedure w a s  
shown to  be  inadequate  when q u a n t i t a t i v e  f l i g h t  t e s t  d a t a  became 
avai lable .   In   consequence it i s  now cons ide red   e s sen t i a l   t ha t  
wind tunnel  model eva lua t ion  o f  a i rp l ane  f ly ing  qua l i t i e s ,  
whether th.ey be concerned with stall ing or w i t h  s t a b i l i t y  and 
cont ro l ,  should  involve  the  use of a powered  model. 
The fo l lowing  d iscuss ion  w i l l  t he re fo re  cons ide r  some of t h e  
f a c t o r s  i n v o l v e d  i n  powered model wind tunne l  t e s t ing .  
6 .1  SCALE  MODEL  REQUIREMENTS 
The se l ec t ion  o f  t he  model scale w i l l  be dependent on t h e  
s i z e  o f  t h e  wind t u n n e l  t o  b e  u t i l i z e d  i n  t h e  i n v e s t i g a t i o n .  A s  
a rough rule of  thumb the scale should be chosen such that the 
model wing span does not exceed approximately 75% of  the width,  
or diameter ,   of   the  wind tunnel  tes t  sect ion.   Larger   values   of  
model s i z e  result in  excess ive ly  l a rge  va lues  o f  wind tunnel 
boundary corrections (Reference 23). 
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It i s  essential t h a t  t h e  model be  t ru ly  geomet r i ca l ly  similar 
t o  t h e  f u l l  scale a i rp lane .  I n  this regard,   the   leading-edge 
portion of the wing i s  p a r t i c u l a r l y  s e n s i t i v e  t o  d e v i a t i o n s  from 
contour.  Caution must t h e r e f o r e  b e  e x e r c i s e d  t o  ensure that t h e  
a i r fo i l  shape  ove r  t he  fo rward  10 o r  15 percent of the chord are 
t r u e  t o  t h e  t h e o r e t i c a l  o r d i n a t e s .  Small dev ia t ions  from true 
contour are n o t  p a r t i c u l a r l y  c r i t i c a l  over the a f t  por t ions  of  
t h e  a i r f o i l .  Wood, metal, p l a s t i c   o r   combina t ions   t he reo f  may 
b e  s a t i s f a c t o r i l y  u t i l i z e d  as material f o r  model cons t ruc t ion .  
However, i t  should be noted that composite wood and metal surfaces 
are not  sa t i s fac tory  because  the  wood shrinks and s w e l l s  wi th  
change i n  atmospheric humidity conditions and thus gives r ise t o  
undes i rab le  surface d i s c o n t i n u i t i e s .  I f  wood cons t ruc t ion  i s  t o  
b e  u t i l i z e d ,  s p e c i a l l y  s e l e c t e d  mahogany from the mainland of 
t r o p i c a l  America i s  suggested as be ing  the  most s a t i s f a c t o r y .  It 
has been found that mahogany from t h e  i s l a n d s  of t r o p i c a l  America 
i s  n o t  s u i t a b l e  f o r  model construct ion because i t  shrinks and 
swells more and has a g rea t e r  t endency  to  warp than mahogany 
from the mainland of  t ropical  America. S imi la r ly  r tPhi l l ip ine"  
mahogany i s  n o t  s u i t a b l e  f o r  model cons t ruc t ion .  
6.2 PROPELLER DRIVE SYSTEM 
Specia l ly  cons t ruc ted ,  compact squ i r r e l  cage  induc t ion  
motors  have been ut i l ized extensively as t h e  p r o p e l l e r  d r i v e  i n  
powered  models.  Such  motors are u s u a l l y  water cooled i n  o rde r  
t o  i n c r e a s e  t h e i r  power ou tpu t  r a t ing .  In  r ecen t  yea r s  some 
preference has been given t o  the use of  compact pneumatic motors. 
The selection of motor type w i l l  depend t o  a l a r g e  e x t e n t  on 
. ava i l ab i l i t y  o f  appropr i a t e  e lectr ic  power supply or compressed 
a i r  supply a t  the wind tunnel fac i l i t i es  b e i n g  u t i l i z e d .  
Propel le r  ro ta t iona l  speed  can  be  measured  through the  use 
of a high precision tachometer and the measurement of p r o p e l l e r  
torque may be accomplished using an appropriate  s t ra in  gage 
balance  system. If a squirrel-cage  induct ion  motor  i s  u t i l i z e d  
i t  i s  p o s s i b l e  t o  o b t a i n  a s t r a i g h t  l i n e  c a l i b r a t i o n  o f  t o r q u e  
versus  minimum cur ren t .  The minimum cur ren t  po in t  i s  obtained 
by vary ing  the  vol tage- f requency  ra t io  of  t h e  e lec t r ica l  power 
supply u n t i l  t h e  minimum cur ren t  po in t  i s  a r r i v e d  a t .  
The value of dynamic pressure  a t  which power-on tests of an 
a i rp l ane  model can be conducted i s  l a r g e l y  d i c t a t e d  by the  torque  
r a t i n g  of t he  p rope l l e r  d r ive  moto r .  Fo r  th i s  r eason  i t  i s  
adv i sab le  to  a t  least  make an approximate estimate of t h e  c r i t i ca l  
simulation requirements before selecting the drive motor.  
6 . 3  SIMULATION  OF POWER  CONDITIONS 
I n  o rde r  t o  adequa te ly  s imula t e  the  e f f ec t s  o f  power i n  t h e  
wind-tunnel testing of models,  i t  i s  e s s e n t i a l  t h a t  t h e  a x i a l  
and r o t a t i o n a l  v e l o c i t y  c o n t r i b u t i o n s  o f  t h e  p r o p e l l e r  b e  i n  t h e  
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same r a t i o  t o  t h e  f r e e  stream v e l o c i t y  as t h a t  which p r e v a i l s  
under  the free f l i gh t  cond i t ions  be ing  s imula t ed .  Th i s  r equ i r e s  
t h a t  t h e  v a l u e s  o f  t h e  p r o p e l l e r  o p e r a t i n g  t h r u s t  and torque 
c o e f f i c i e n t s  will change as t h e  a i r p l a n e  f l i g h t  s p e e d  or opera t ing  
v a l u e  o f  t h e  l i f t  c o e f f i c i e n t  i s  a l t e r e d .  It i s  usua l ly  most 
conven ien t  t o  inves t iga t e  the  wind tunnel  model through i t s  
o p e r a t i n g  r a n g e  o f  l i f t  c o e f f i c i e n t s  a t  a f ixed  va lue  of dynamic 
pressure,   (constant   veloci ty ,   f ixed  Reynolds   number) .  To simulate 
the  f l i gh t  ope ra t ing  cond i t ions  du r ing  the  cons t an t  ve loc i ty  tests 
i n  t h e  wind tunnel it i s  therefore  necessary  to  provide  a d i f f e r -  
en t  ope ra t ing  cond i t ion  o f  t he  p rope l l e r  a t  each  d i f f e ren t  va lue  
of l i f t  c o e f f i c i e n t  or angle o f  a t t a c k  i n v e s t i g a t e d  i n  t h e  wind 
tunnel .  
Various techniques have been developed for  sat isfying the 
conditions  of power s i m i l i t u d e  i n  wind t u n n e l  t e s t i n g .  It appears 
t h a t  e a c h  d i f f e r e n t  wind tunne l  s t a f f  has  i t s  own preference as t o  
t h e  p a r t i c u l a r  t e c h n i q u e  t o  employ. It i s  suggested,  however. 
t h a t  t h e  power matching technique descr ibed in  Reference 21. 
i s  most a p p r o p r i a t e  f o r  u s e  i n  wing s t a l l i n g  i n v e s t i g a t i o n s  
because that  technique ensures  a near ly  exac t  condi t ion  of  power 
s i m i l i t u d e  a t  each tes t  condi t ion  and hence no i n t e r p o l a t i o n  of 
obse rved  r e su l t s  i s  requi red .  
6.4 I FLOW V I  SUALI ZAT ION- 
Numerous methods of  v i sua l iz ing  the  f low over  the  a i rp lane  
model i n  t h e  wind tunnel  have been ut i l ized.  The most  f a m i l i a r  
are probably the smoke flow technique, some v a r i a t i o n  of  the  
lamp black and kerosene meth.od and the  use  of  tu f t s .  O f  t h e  
var ious techniques that  have been developed,  tuf t ing i s  t h e  l e a s t  
complex  and i s  u s u a l l y  th . e  most s a t i s f a c t o r y .  I n  u t i l i z i n g  t h i s  
technique,  numerous tu f t s  a r e  a t t ached  ove r  t he  uppe r  wing  and 
fuse lage  sur faces  by c e l l u l o s e  t a p e  o r  by o the r  means.  The t u f t s  
should be of  f lexible  mater ia l  such as  wool or  nylon yarn.  The 
l e n g t h  o f  t h e  t u f t s  i s  n o t  c r i t i c a l .  U s u a l l y  a t u f t  l e n g t h  of 
approximately 3 or 4 percent  of t he  wing chord w i l l  be found 
appropriate .   Tufts   should  not   be  located  forward of 20% chord. 
T h e  na tu re  of t h e  s t a l l  c a n  be determined by not ing  the  
behav io r  o f  t he  tu f t s  du r ing  the  t e s t  cond i t ions .  V io len t  
f l u c t u a t i o n s  and r eve r sa l  o f  t he  f low d i r ec t ion  as ind ica t ed  by 
the  tu f t s  p rov ides  ev idence  of s epa ra t ion  of t h e  a i r f l o w  from 
the  sur face  under  observa t ion .  The behavior  of  the  tuf t s  should  
of course be observed through a range of angle of a t t a c k  from w e l l  
below t o  w e l l  beyond the  angle  for maximum l i f t .  
The f low condi t ion  as  ind ica ted  by t h e  t u f t s  may be recorded 
pho tograph ica l ly ,  u s ing  e i the r  a still  camera or a movie camera, 
o r  it may be recorded manually on t h e  b a s i s  of visual  observat ion.  
Each  method has  i t s  own par t icu lar  advantages .  At ten t ion  i s  drawn, 
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however, t o  t h e  fact  th . a t  still phot0graph.s of t h e  t u f t  f low 
p a t t e r n  can be misleading. This stems from the fac t  t h a t  i n  
t h e  case of some conf igu ra t ions  th .e  nature of th .e  a i r f l o w  as 
t h e  s ta l l  i s  approached may be  very  uns tab le  and  er ra t ic .  A t  
one p o i n t  i n  t i m e ,  t h e  t u f t  p a t t e r n  may ind ica t e  the  f low to  be  
a t t a c h e d  t o  t h e  surface, an i n s t a n t  la ter  t h e  t u f t  p a t t e r n  may 
i n d i c a t e  l a r g e  areas of  separated  flow. If a s t i l l  p i c t u r e  were 
obtained a t  t h e  ins tan t  of a t tached  f low it cou ld  l ead  to  an  
erroneous conclusion. 
6.5 REYNOLDS NUMBER CONSIDERATIONS 
S ta l l i ng  behav io r  of an a i r c r a f t  c a n  n o t  b e  r e l i a b l y  p r e d i c -  
t ed  us ing  small scale models i n  th.e wind tunnel .  T h . i s  i s  p r imar i ly  
due t o  t h e  fact  t h a t  i t  i s  e x t r e m e l y  d i f f i c u l t  i f  not impossible 
t o  d u p l i c a t e  i n  t h e  wind tunnel  t h . e  values of f1igh.t Reynolds 
numbers unless  recourse  i s  made t o  a compressed a i r  , tunnel or t o  
a t u n n e l  u t i l i z i n g  a high densi ty  gas  such as Freon as a tes t  
medium. 
It has been w e l l  e s t a b l i s h e d  t h a t  th .e  maximum l i f t  charac- 
t e r i s t ics ,  inc lud ing  the  wing  s t a l l i ng  cha rac t e r i s t i c s  can  be  
c r i t i c a l l y  d e p e n d e n t  on th . e  value of t h . e  t e s t  Reynolds number. 
In consequence, judgment must be exercised i n  i n t e r p r e t i n g  t h e  
wind tunnel s t a l l  tes t  r e s u l t s  i n  terms of t h . e  a i r p l a n e  f l i g h t  
Reynolds numbers condition. 
A s  a n  a i d  i n  i n t e r p r e t i n g  t h e  wind tunnel  s t a l l  o b s e r v a t i o n s ,  
it i s  sugges t ed  tha t  t he  theo re t i ca l  ana lys i s  desc r ibed  ea r l i e r  
i n  t h . i s  r epor t  be  app l i ed  to  p red ic t  t h . e  s t a l l  a t  a Reynolds 
number corresponding t o  the wind tunnel  t es t  condition and a t  a 
Reynolds number cor responding  to  th .e  a i rplane f1igh. t  condi t ion.  
By taking account  of  the differences between theory and exper i -  
ment a t  t h e  tes t  Reynolds number, an improved estimate of the 
s t a l l i n g  ch.aracterist ics a t  the f1igh. t  value of  Reynolds number 
may be  obtained. T h i s  approach.  sh,ould a t  l ea s t  g ive  an  ind ica t ion  
as t o  wh.e th ,e r  th.e f r e e  f l i g h t  s t a l l  condi t ion  w i l l  be more or less 
severe th.an the s t a l l  condi t ion observed i n  t h e  wind tunnel  tests.  
6.6 MACH NUMBER CONSIDERATIONS 
The e f f e c t  of Mach number on t h . e  maximum l i f t  c h . a r a c t e r i s -  
t i c s  of a i r f o i l s  h a s  n o t  b e e n  i s o l a t e d ’  and s tudied as  th .oroughly 
as t h e  e f f e c t  of  Reynolds  number. 
The resul ts  presented  in  Reference  51  i n d i c a t e  t h a t  a t  a 
given value of Reynolds number  an i n c r e a s e  i n  Mach number causes  
a moderate  decrease in  maximum l i f t  c o e f f i c i e n t  u n d e r  c o n d i t i o n s  
such. t h a t  t h e  l o c a l  v e l o c i t i e s  on th . e  surface of th . e  wing a r e  
somewh.at below  sonic  speed. It  h a s  a lso  been  c lear ly   demonstrated 
by  the  resul ts  of References 9 ,  51 and 5 2 ,  t h a t  when th . e  f ree  
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1, stream Mach number i s  increased  t o  th .e  point   hat   sonic   speed i s  
reached ,  loca l ly  on th.e wing, a large reduction i n  maximum l i f t  
coe f f i c i en t  t akes  p l ace .  The same r e s u l t s  show t h . a t  c r i t i c a l  
l o c a l  v e l o c i t i e s  c a n  o c c u r  a t  v a l u e s  of the  f ree  s t ream Mach. 
number a s  l o w  a s  0.20. There  have  been  instances  in  the  past 
where  wind tunnel  inves t iga tors  have  a t tempted  t o  improve  th.e 
test va lue  of the Reynolds number by conduc t ing  the  t e s t s  a t  
h igh  va lues  of t h e  wind tunnel  a i rspeed.  Such. a  procedure  can 
lead  t o  q u i t e  m i s l e a d i n g  t e s t  r e s u l t s ,  p a r t i c u l a r l y  i f  t h e  f r e e  
stream Mach number i s  s u f f i c i e n t l y  h.igh t o  permit th .e  a t ta inment  
of c r i t i c a l  l o c a l  v e l o c i t i e s  o v e r  t h e  wing surface. 
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SECTION 7 
DESIGN  PROCEDURES 
The  results  presented  in  Section 5 are  intended  to  serve 
as  a  guide in the  preliminary  design  phase  of an unswept  wing 
aircraft to  determine  the  effects  of  wing  geometric  and  aero- 
dynamic  parameters  on  aircraft  stalling  behavior.  While  this 
data  does  not  cover  all  the  possible  combinations  of  taper, 
twist, etc. which  may  be  encountered,  it  should  provide  a  basis 
for  the  assessment  of  the  relative  effectiveness  of  different 
wing  designs  in  promoting  acceptable  airplane  stalling  character- 
istics. 
In the  early  design  stage  of  an  airplane  the  values  of  wing 
aspect  ratio,  taper atio, and  root  and  tip  thickness  ratios 
are  usually  chosen  from  considerations  of  performance,  structural 
strength,  etc.  rather  than  stalling  characteristics. In regard  to 
wing  performance,  the  computer  program  described n  this  report 
can  be  of  value in providing  data  on  wing  lift,  drag,  and 
pitching  moment  characteristics  through  the  complete  angle  of 
attack  range,  as  well a information  on  the  span  load  distributions. 
The stalling  characteristics  of  the  basic  wing  design  can 
be  assessed  from  the  design  charts  presented in  Section 5, and 
if  poor  stalling  behavior is  indicated,  the  effectiveness  of 
various  methods  for  improving  the  stall  can  then  be  investigated. 
When  a wing  design  emerges  which  promises  to  fulfill  the  perform- 
ance  and  stall  requirements  a  final  quantitative  evaluation  of 
its stalling  characteristics  can  be  made  using  the  computer 
program  which  constitutes  a  part  of  this  report. 
7.1 APPLICATION OF THE RESULTS OF THE PARAMETRIC STUDY 
The  use  of the  design  charts  presented in  Section 5 is  best 
illustrated  by  a  sample  calculation  described  below. 
Consider  a  light,  single  engined  airplane  having  the  follow- 
ing  ch,aracteristics: 
Wing  aspectrat o 6 
Wing  taper  ratio 0.5 
Mean  aerodynamic 
chord  (m.a.c.1 
Wing  loading 
5.4 ft. 
17.2 lb/ft 2 
Root  airfoil  section 23016.5 
Tip  airfoil section 23012 
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C r u i s e  speed  154 m.p.h. 
Cruise a l t i t ude   10 ,000   f t . ,( s t anda rd   day )  
A l i ke ly  s t a l lYng  speed  fo r  such. a n  a i r p l a n e ,  f l a p s  UD,  i s  
about 70  rg.p.h.. o r  a Reynolds number, based on the m.8.c. of 
3.55 x 10 . A good est imate  of  th.e s t a l l i n g  m e e d  f o r  t h e  
untwisted wing i s  obtained as follows: 
(a )  A number of  speeds i n  th .e  neigh.borh.ood  of 70 m.p.h. i s  
selected and the corresponding Reynolds  numbers are c a l c u l a t e d  
thus  
V f t / s e c .  - 90 , 95 9 100, 110, 
V m.p.h. = 61.35,  64.76,  68.17,  74.98, 
R e  - 3.11, 3.28,  3.46,  3.80, - 
(b)  Using  Figure  33  for 0 . S  t a p e r  r a t i o  and a roo t  t h i ck -  
nes s  ch.ord r a t i o  of  0 .18,  the fol lowing values  of  CLrnax are 
obtained corresponding to  the Reynolds numbers c a l c u l a t e d  i n  
s t e p  ( a ) ,  
- 
CLrnax+ /~  =. 18 
- 1.42,  1.435,  1.45,  1.47,
t h e  same 
number. 
( d) 
added t o  
Th.e 
( c >  From Figure 2 8  t h e  percentage ch.ange i n  CLrnax due t o  
changing  root  th ickness-chord  ra t io  from  .18 t o  .165 i s  est imated 
t o  b e  2%. S t r i c t l y ,  th . e  da ta   appl ies   on ly  t o  R e  = 6 x l o 6 ,  bu t  
t h e  sec t ion  charac te r i s t ics ,  F igure  20 ,  sugges t  that approximately 
changes can be expected at  lower values o f  Reynolds 
The  i nc remen t s  i n  CLrnax obtained from step ( c )  a r e  
t h e  CLrnax values  from s t e p  ( b )  y i e ld ing :  
r e s u l t s  t h u s  o b t a i n e d  a r e  p l o t t e d  v e r s u s  s t a l l i n g  m e e d  
i n  F igu re  3 7 .  
s h i p  CLmax = 2 X W/S a r e   c a l c u l a t e d   t h u s :  
p v 2  2w/s 
C L m a x = T  = 1.78,  1.60,  1.445 1 .19  
P V  
Th.ese r e s u l t s  a r e  a l s o  p l o t t e d  i n  F i g u r e  37 .  
( f )  Th.e i n t e r s e c t i o n  of  these cu rves  y i e lds  t h e  values  of 
'Lrnax s t a l l  s eed and Reynolds number a s  1.47.5,  67.5  m.o.h. 
and  3.42 x l o g ,  r e s p e c t i v e l y ,  a s  shown i n  F i g u r e  3 7 .  
13 7 
Stal l  speed - ft/sec 
Figure 37. Variation of Wing Maximum L i f t  
Coeff ic ient  with  Sta l l  Speed. 
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A t  this  value of  Reynolds  number Figures  31 and 32 show t h a t  
the  s ta l l  margin a t  the  70% s t a t i o n  is only 0.02 and t h a t  t h e  
s t a l l  beg ins  inboa rd  a t  about 35% semispan and extends to  about  
70% semispan.  Obviously t h i s  i s  not  acceptable  and some means 
must be employed t o  move t h e  s t a l l  i n b o a r d  and increase the 
margin a t  the  70% semispan s ta t ion.  
An acceptab le  s t a l l  p a t t e r n  would be the one i n  which the  
outer  edge  of  the  s ta l led  area began,say, inboard of  the 40% 
s t a t i o n  and the s ta l l  margin a t  70% of the semispan w a s  a t  least 
0.1. Figure  31 shows t h . a t ,  f o r  t h e  g i v e n  t a p e r  r a t i o  o f  0.5, a 
s t a l l  margin of 0.1 at  70% semispan can be obtained with P4 
degrees  of  washout.   For  this case the  corresponding s t a l l  
boundaries l i e  between 15% and  37%  semispan.  Since  the use 
of washout  in f luences  the  va lue  of  Cbax and  hence  s ta l l ing  speed ,  
s t e p s  ( b )  t h r o u g h  ( f )  are r epea ted  us ing  the  da t a  p re sen ted  fo r  
7% washout. I f  these  computa t ions  are performed  the new values  
of CLmax , stall ing speed and Reynolds number are 1.4, 69 m.p.h. 
and 3.5 mill ion respectively.  Using the new value o f  Reynolds 
number and  washout  of 7?.5O, Figures 31 and 32 i n d i c a t e  t h a t  
s a t i s f a c t o r y  s t a l l i n g  c h a r a c t e r i s t i c s  of t h e  s e l e c t e d  wing are 
a t t a i n e d  w i t h  t h e  s a f e  s t a l l  margin of 0.1 a t  70% semispan and 
inboard s ta l l  boundaries  extending between 15% and 36% semispan. 
I f  t h i s  amount  of washout i s  used,  a penal ty  may r e s u l t  i n  
induced  drag a t  the  c ru ise  speed .  The magnitude  of  the  increase 
i n  i n d u c e d  d r a g  c o e f f i c i e n t  a t  t h e  c r u i s e  l i f t  c o e f f i c i e n t  of 
.38 and cruise Reynolds number of approximately 6 m i l l i o n  i s  
obtained  from  Figure 25 a sA C o i =  -0012. The s i g n i f i c a n c e  of t h i s  
drag  increase  depends on the  d rag  coe f f i c i en t  of the  complete 
a i rp l ane .  For an  a i rp lane  having  a d r a g  c o e f f i c i e n t  e q u a l  t o  
0.02,  an  increase  in  induced  drag  coef f ic ien t  of 0.0012 r ep resen t s  
a 4  m.p.h. r educ t ion  in  c ru i s ing  speed  a t  t h e  c r u i s e  power s e t t i n g .  
An a l t e r n a t i v e  t o  us ing  a large amount  of washout a s  
high as 7% degrees i s  t o  incorDorate a t i p  s e c t i o n  of 
h igher  camber t h a n  t h e  r o o t  s e c t i o n  w i t h  l i n e a r  f a i r i n g  i n  
between,  e.g.  change  the t i p  s e c t i o n  from 23012 t o  43012. On 
t h e  b a s i s  of t he  r e su l t s  p re sen ted  in  F igu re  34 ,  fo r  a  wing 
employing l inear  camber inc rease  f r o m  r o o t  t o  t i p ,  i t  appears 
t h a t  i n c r e a s i n g  camber a lone  w i l l  n o t  r e s u l t  i n  any s i g n i f i c a n t  
improvement i n   t h e   s t a l l i n g   c h a r a c t e r i s t i c s .   C o m b i n a t i o n s  of 
l inear  camber increase with moderate  amounts of washout may 
r e s u l t  i n  a n  e f f e c t i v e  compromise t o  y i e l d  s a t i s f a c t o r y  p e r f o r m -  
ance  and  accep tab le  s t a l l i ng  cha rac t e r i s t i c s  of th.e s e l e c t e d  wing 
conf igura t ions .  The pa rame t r i c   i nves t iga t ions  of   such  effects  
can be easily performed uti l izing the computer program presented 
i n  t h i s  r e p o r t .  
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I f  a n  effective combination of camber increase and washout 
cannot be found the only remaining wing parameters which migh.t 
i n f l u e n c e  s t a l l i n g  c h a r a c t e r i s t i c s  are a spec t  r a t io ,  t h , i ckness  
d i s t r i b u t i o n  a n d  t a p e r  r a t i o .  
On th.e  bas i s  o f  t he  results sh.own i n  Figure 23, ch.anging 
a s p e c t   r a t i o  i s  ine f fec t ive .   Inc reas ing   roo t   t h i ckness -chord  
r a t i o  from .165 t o  s a y  .18 i s  a l so  of  l i t t l e  value accord ing  to  
t h e  resul ts  p re sen ted  in  F igu re  27.  
While a n  i n c r e a s e  i n  wing t a p e r  r a t i o  would r ep resen t  a 
major change i f  th .e  wing design were s u f f i c i e n t l y  f a r  advanced, 
i t  migh.t be less expensive,  i n  th . e  long run t o  make such. a 
ch.ange  th.an t o  t r y  t o  s o l v e  bad wing s t a l l  problems by o t h e r  
means during t h e  f l i g h t  t e s t i n g  p h a s e  of development. 
An i l l u s t r a t i o n  o f  the s t rong  inf luence  w h i c h  i s  exer ted  
by t a p e r  r a t i o  on  wing s t a l l i n g  C h a r a c t e r i s t i c s  i s  provided by 
r epea t ing  t h . e  above  ca lcu la t ions  for  a t a p e r  r a t i o  of 0.75 w i t h  
2S0 of  washout. T h e  i n c r e a s e d  t a p e r  r a t i o  i s  achieved by reduc- 
ing t h e  r o o t  ch.ord and increasing t h e  t i p  c h o r d  by t h e  same 
amount so  a s  t o  maintain t h e  same wing a rea  as i n  t h e  o r i g i n a l  
design . 
By interpolat ion between these r e s u l t s . a n d  r e s u l t s  o b t a i n e d  
f o r  t a p e r  r a t i o  of  0 .5  i t  i s  found t h a t  an Increase i n  t a p e r  
r a t i o  from 9.5 t o  0.65 w i l l  produce a s t a l l  margin a t  7/10th 
semispan equal  to  0 .1  with the s ta l led area extending between 
10% and 40% semispan. T h e  ca lcu la t ions  a l$o  show t h a t  t h e  change 
i n  t a p e r  r a t i o  and the  incorpora t ion  of  2% of  washout  does  not 
a l t e r  t h e  s t a l l i n g  speed t o  any s ignif icant   degree.   Furthermore,  
t h e  induced drag penal ty  due to  washout  for  t h . i s  t a p e r  r a t i o  
i s  neg l ig ib l e .  
I f   a l l  of t h e  above  measures f a i l  t o  i n d i c a t e  a c c e p t a b l e  
s t a l l i n g  c h . a r a c t e r i s t i c s  t h e n  i t  must b e  l e f t  u n t i l  t h e  f l i g h t  
tes t  p h a s e  t o  t r y  t o  improve matters by the use of t h e  var ious  
" f ixes"   d i scussed   in   Sec t ion  2.  Even a t  this s t age  t h e  computer 
program should prove valuable in assessing t h e  r e l a t i v e  rnerits 
of  the   pos t   des ign   modi f ica t ions .  For example, i f  the i n s t a l l -  
a t i o n  of sharp wedges over a port ion of  t h e  leading edge i s  
being considered,a  precise  evaluat ion of  the e f f e c t i v e n e s s  of 
such a device can be made by us ing  the computer program i f  d a t a  
i s  a v a i l a b l e  p e r t a i n i n g  t o  th .e  aerodynamic c h a r a c t e r i s t i c s  of 
sharp  nosed  sections.  Some d a t a  on t h e  e f f e c t  of  sharp  leading 
edges on s e c t i o n  maximum l i f t  c o e f f i c i e n t  c a n  b e  f o u n d  i n  
References 53 and 54. 
7 . 2  GENERAL CONSIDERATIONS 
The  design procedures  discussed in  t h i s  sec t ion  foge ther  
w i t h .  t h e  s t a l l  cha r t s  p re sen ted  in  Sec t ion  5 are considered 
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adequate  for  most  practical  cases in evaluating  stalling  character- 
should  be  specially  valuable  in  the  preliminary  design  phase  in 
which  numerous  trade-off  studies  are  required  to  obtain  the  best 
compromise in aircraft  configurations.  Once  a  given  design  has 
been  frozen  ensuring  satisfactory  aircraft  performance,  stalling 
characteristics,  handling  qualities,  etc.  it  is  recommended  that 
the  computer  program  presented  as  part  of  this  report  be  utilized 
to  more  accurately  predict  the  stalling  behavior  of  the  final 
aircraft  configuration. A s  a  by-product,  the  computer  program 
will  also  yield  valuable  performance  information  such as 
distributions  and  integrated  values of wing  lift,  drag  and  pitching 
moment  coefficients,  for  cruise  or  any  other  aircraft  operating 
condition. 
#$ \.? i istics of unswept  wing  aircraft.  These  procedures  and  charts 
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SECTION 8 
CONCLUSI ONS AND RECOMMENDATIONS 
Using t h e  results presented i n  t h i s  r e p o r t ,  the  fol lowing 
conclusions and recommendations a r e  made: 
1. Based on good correlations  obtained  between  the  theo- 
r e t i c a l  results and t h e  a v a i l a b l e  t e s t  d a t a ,  i t  i s  concluded that 
t h e  l i f t i n g  l i ne  theory can be confidently used t o  p r e d i c t  s t a l l  
c h a r a c t e r i s t i c s  of wings having aspect ratios of 6 and l a r g e r .  
This  theory i s  expected t o  y i e l d  s a t i s f a c t o r y  p r e d i c t i o n s  of 
ove ra l l  l oad  cha rac t e r i s t i c s  fo r  w ings  of a s p e c t  r a t i o s  a s  l o w  
as 4.0.  
2 .  From the  r e s u l t s  of the  parametric  study it  can be 
conc luded  tha t  t ape r  r a t io  is one of t h e  most e f f ec t ive  des ign  
p a r a m e t e r s   i n f l u e n c i n g   a i r c r a f t   s t a l l   c h a r a c t e r i s t i c s .   I n c r e a s e  
i n  t a p e r  r a t i o  r e s u l t s  i n  a n  i n c r e a s e  o f  t he  s t a l l  marg ins  on 
t h e  outboard sect ions of t h e  wing and i n  an  inboard  sh i f t  of 
s t a l l   boundar i e s .  T h i s ,  however, is accompanied by a reduct ion  
of maximum wing l i f t  c o e f f i c i e n t .  
3 .  Washout may be  used t o  improve s t a l l i n g  c h a r a c t e r i s t i c s  
of moderate t o  h i g h  t a p e r  r a t i o  wings. This improvement,  however, 
may e n t a i l  a performance penalty associated w i t h  a reduct ion  of 
wing maximum l i f t  c o e f f i c i e n t  and an  increase  in  wing induced 
and p r o f i l e  d r a g .  
4. An increase  i n  r o o t  t h i ckness -chord  r a t io  and f l i g h t  
Reynolds number y i e l d s  f a v o r a b l e  e f f e c t s  on wing s t a l l i n g  
c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  t h e  230 and 44 s e r i e s  a i r f o i l s .  
For  t he  642 series sec t ions  such  increases  resu l t  i n  unfavorable 
e f f e c t s .  I n c r e a s i n g  t i p  th ickness-chord  ra t io  has  an  unfavorable  
e f f e c t  f o r  a l l  t h r e e  a i r f o i l  s e r i e s .  For  a l l  c a s e s  t he  values  of 
wing maximum l i f t  c o e f f i c i e n t  a r e  r e d u c e d .  
5. For t h e  wing  conf igura t ions  inves t iga ted  in  t h i s  
r e p o r t ,  d e f l e c t i o n  of pa r t - span  f l aps  lowers  the  s t a l l  marg ins  
on the outboard p o r t i o n  of t h e  wing and s h i f t s  t h e  s t a l l  bound- 
a r ies  ou tboard .  Increas ing  f lap  span  moves t h e  s t a l l  b o u n d a r i e s  
inboard and inc reases  wing m a x i m u m  l i f t  c o e f f i c i e n t .  
6 .  The e f f e c t s  of a spec t   r a t io ,   l i nea r   camber ,  and fuse l age  
on wing s t a l l i n g  c h a r a c t e r i s t i c s  a p p e a r  t o  be small and may be 
neg lec t ed  fo r  most present-day l i g h t  a i r c r a f t .  
7 .  The ana lys i s  and the  des ign  char t s  presented  i n  t h i s  
r e p o r t  a p p l y  s t r i c t l y  t o  unpowered f l i g h t ,  out of ground e f f e c t ,  
a s  would be  t h e  case  i n  a i r c ra f t  app roach  t o  landing. 
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8 .  Based  on the  work accomplished i n  t h i s  program, it i s  
recommended that the theoretical analysis be extended to include 
propeller  sl ipstream and ground e f f e c t s .  Furthermore, addit ional  
f l i g h t  test and wind tunnel test data should be obtained for the 
purpose of verifying the theory. 
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C k E C K  1 0  S E E  I F  I T  I S  G K E A T E K  THAI\; T h t  
IVI'VFPUK K L Y N O L D S  NUKBkK L I S T E C )  Il \ j  T H E   T A H L E  
Third M A X  R E Y N  W J X ~ F R  1'4 T A B L E  THEN WE,- 
MI i \c I .PUC,  h e  hANT T C  SCAKCH T A B L E   U i \ T I L  WE 
I f -  L E S S  THAN C i A X I P U I * i   A I 4 9   G R E A T E R  THAN 
F I : \ I O  A R € v h @ L U S   N U V B E R   G K E A T E R   T H A N   T H E  
< ; IVF : \ I   HEYIdL ILDS NUI.:B€R 
I f -  K € Y N   L E S S  THAN K t E P   L O O K I N G  
I N T E K P U L A T  I W d  
I F   K C Y N   G K t A T E R   T H A r J   S k T  l ip  K l p K 3  F O R  
S E C T I ( J N  F I I K  !.IORI"IAL LOClK UP O F  A L P H A   N D  
C V A L .  A V A L U E  OF 999 S P E C I F I E S   T H A T   H I S  
V A R I - A B L E  I S  T H E  0;Vk S h L I S t  V A L U E  I S  TCI B E  
FC1IJ;dI) 1.a T t l t   T A U L E  
S t C T I U N  F O R  L O O K I N L   U P  M A X  V A L U E S  
C 
150 I f  ( . X M A X  1 5 8 0 1  8 3 0 1  5 8 9  
S t C T I C l N   T O   L O O K  U P  A L P H A   F O R   G I V E N   C V A L  BY 
K E Y I V O L O S  !dUMl3tKS B R A C K E T   G I V E i d   R E Y N  
I ' I T E i t P C I L A T I : \ I G   B E T W E E N   C O L L M I V S   W H E R E  
160 
L C O K   U P   C V k L   F O R   G I V k N   A L P H A .   C H E C K .  TCI S E E  
I F  h E  HAVE A L I F T  OK D R A G   T A t 3 L E  I N  A T  [ H I S  
T I M E .  D R A G  T A B L E S   H A V E  ZkKO V A L U E S  FUfi A L L  
c 
L 
C 
F O R  L I F T   T A B L E .  CJUKY 1 AND D U M Y Z   A R E  THE 
f J A X i . P " J K   I h T E K P 3 L A T E D   V A L U E S  FUR G I V E N  
R t Y P J C L C i S   U l l k 5 € R S  I IF  A L P H A   M A X  AND C V A L   M A X  
C c 
a 
2 1 0  
L ,'MAX!? 9 L O C R  
70 9 260  9 260 
, 2 5 0  
2 7 0  
2 8 0  
2 3 0  
300 
310 
32CI 
330 
10 
L P H Z ) )  320,55095 
340,330 
5 0  
3 4 0  
H l - A L P H Z ) + (  
50 
A L P H A - D U h Y  
35L' 
3 6 0  
3 ' i C  
3 t;. 0 
/ ( A L P H 2 -  
5 5 0  9 550 
A L P H A - D U P Y  
P H A - D U M Y 1 )  
4 00 
s 3 3 
4 10 
4 2 0  
0 3 ,  
(.A L 
4 3 0  
A L P H Z - A L  
5 5 0 , 5 5 0  4 4 0  
4 5 6  
4 6 0  
161 
4 70 
48 0 
49 0 
500 
5 LO 
520 
5 3 0  
54 0 
5 5 0  
: 
C 
C 
C 
L 
C 
C 
C :: 
C 
C 
C 
C 
GO ra 600 
Cl=A(LVL,d,.LCCR 
CVAL=DUPV2+ ( A  (.L 
GO T O  600 
IF (.ALPHA-DUMY L 1 
DO 500 J=3tlLRC;t\ 
C O N T  I lLUE 
I f  (.ALPH 1-A (.LVL, 
GO T O  600 
I E = 3  
C L = A  LLVL 9.J ,.LO.Cil 
C3=A ( LVL  J ,'LOCK 
C1=TERPiRL,s?EYN 
C V A L = T E K P ( A L P t i l  
G O  TCI 600  
DO 53U J=.j,.LR@W 
CClNT INUC 
I F  (.ALPt!2-,~2*LVL, 
, C l ) / ( A L P H Z - A L  
0 
I)UI.!Y 2 ): 
0 
. P H l ) * ( A L P H A - D U M Y l  
162 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
L 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
Z t I E R E  
Y:HEKE 
X H E K k  
A H E R E  
BHEKE 
C H E R E  
D H E K E  
M L C O L  
M Y C O L  
M A C O L  
M B C O L  
M C C O L  
M D C U L  
M w C O L  
MA Z L  
M A Y Y  
HAWW 
M A A A  
M A D 0  
M A C C  
M A D O  
R k A D F K   ( I R )   A N D   P R I N T E R   ( I P )   L O G I C A L   U N I T  
'dlJKBEKS 
L A Y O U T  O F  F O U R T H  D A T A  C A R D  
F I k L I :  1 I 1  N l J M U t K  OF r A l l   V A L U E S  P E R  1 ' A B L t  
FIELO 2 I 1  
0 
1 F 0 R 
F f l R  
T A l J  9 K E Y q E T C .  
F I E L D  3 11 1 Fllti DUMP OF C O M P U T E D  A R R A Y S  
o FIIR NO DUMP 
F I t L I ;  4 I 1  
U F U K  
1 F O R  D U K P   O F  
N1.1 OLJMP 
8 E  T A  A R R A Y  
F I E L I )  5 1'1 1 K E A D   C U B E  1 F K U M   T A P E ,   L O A D  
TLI D I S K ,  C O P Y  CLJBt 1 1 O C U H E  
Z Gi t  D I S K .  
2 K t A i l  CUBE 1 F R O M   T A P E ,   L O A @  
T U   D I S K ,   Y E A 0  C U B E  2 F R O M  
T A P E r l L U 4 D  T O  111 SIC. 
T O   T A P E  9 L O A D  T O  U I  SK, C O P Y  
3 K E A D  CUBE 1 F R O M  C A R D S ,   L O A D  
4 I<FAU C U B E  1 FliOt4 C A K D S ,   L O A D  
CUBE 1 T U  CU13E 2 Oid D I S K  
163 
I " . 
30 
4 u  
5 0  
6 0  
70 
8 0  
110 
_. .. . . 
CUaE 2 FRUK  CARDS9 LOAL) TU 
T O  TAPE I LOAD TI7 D I S K ,   I i I i A U  
T A P L T '  LOAD T13 D I S K  
F I E . L C  h 2 5 A 2  F I F T Y  COLUkINS OF I U E N T I F I N G  
I - I \ IFOKKATIOIU.  T H I S  IS P R I N T E D  
A T  7HE TOP OF E A C H  P A G E  OF 
O U T P U T  
I K = I K + l  
R E A D  ( 
KK= Ik: 
I K = I K  
W R I T E  
DO 12 
A H E % k  
A H E K t  
BHERE 
CHE:',E 
t5HEhE 
C t i E K E  
D H E K t  
DIiEiit 
ARRAY 
L 9 ' 4  
164 
120 
130 
L4 0 
150 
1 b U  
170 
1 ao  
L Y U  
7 I = L  
9 I =  1 
= 1 *  r \ l  
* 1 = 1  
165 
$ -  E L L I P T I C A L  FUSE 
L 
C 
C 
C 
C Y FIAP ( . I  1 
CCIKFC.CN 1Ci E L L I P T I C  A ; J D  C I K C U L A K   F U S E  
250 DCI 2hC' I 'L,.JPP 
166 
C c 
L 
450 
460 
4 7 0  
4 8 0  
4 90 
5 0 0  
5 4  0 
5 5 0  
S P E C I A L  C A S E  I F  VALUES  HAVE BEEN READ I N  
WILL  NOT C O M P U T E   V A L U E S  ALKEADY READ I q  
DO NOT S A N T  rc1 COPPUTE CKB. 
R 
4 '3 0 ,' !> 0 0 
167 
5 70 
5 8 0  
590 
6 00 
C 
C FO? X P A X = l O C I ,  ARC b I L L  L U G K   U P   A L P H A  V r A X  c F O h  XF(AX=O.  A R C  WILL LOOK UP C L  PAX 
C 
C 
C 
C C N T I P J U k T  I O N  OF S b P R G U T I ' V E   , V A I N  
19 
. T . 4 U T .  T A U & ;  
2 0 ,  
) = 1  
K-P  
Y ( .AK*  
4 0 
K 1. 
) = 1  N ( A K *  
3 . 1 4 1  
, K ) ' * l R  
* T R A N S  
168 
1 6 0  
190 
Z G L  
2 1 0  
2 2 0  
2 3 0  
2 4 0  
i 5 U  
26'3 
2 7 0  
C 
C 
C 
2 H 0 
2-90 
C t ! t C K  
C k E C K  
169 
300 C O N T I N U E  
310 I B T A = 1  
C 
C c 
L: 
REh I N D  44 
REWIND 44 
W R  I- rE (44 1, R E T A  
C 
C 
c, 
c 
C 
C 
r R f A u ( 4 4 )   d E T A  
STORE -BETA T E M P O R A R I L Y  ON DISK SO WE CAN 
C W P U T E  THE T R A N S P O S E  OF T R I  X 
STORE T K I X  I N  B E T A  
NOW T R A N S P O S E  B E T A  L O L D  T K I X )  
R E S T U R L   H € T A  
L c I N V E R T   T K I X  
L 
C 
C 
C. 
C c 
L 
3 7 0  
3 8 0  
C 
C 
C A . L L  P, 
C A L L  C 
GCI T L i  
C C I L L  S 
WK 1.1 t ( 
If ( . Y k L  
W R I . T E  ( 
C A L L  R 
h'K I .TE ( 
W S I T E (  
C A L L  A 
Mk 
LCJClK UP C L  
LL  V A X   L O O K  
K A X   V A L U E S  
UP 
170 
C 
390 
4011 
4.1 0 
4- 
420 
/ 1x 1. 
1 x 1  
SE S T A T I O N S )  
171 
L B O P I N G   P A k A M k T E R .  I k  I K  ( T H E   L O G I C A L   U N I T  
X L K H E K  OF 1 t l t  R t A C : E K  1 IS S E T   P R O P t R L Y   A T  
I l . ! IS I'IMt: T H E N  T H I S  IS T H E   F I R S T   E N T R Y  I N T O  
rCi I . l E k A 1 E  A G A I N  i l l  F- INU C O N V E R G E N C E .  
T t ! I S   U B K O U T I N E .  IT- IF: I S  100 T H E I J  WE W I S t - I  
RUN. A L I S T  OF A L P t I A   V A L U L S  M A Y  HE 
I N P U T  OF A L P t i A   V A L l j E S  T O  BE USED FOR T t i I S  
V A L U E S   L A R G E  EhiOUGH T1J C A U S E  A S T A L L .  ( 2 )  
T F K M I r ' J A T E G  IN ThU I r A Y S .  ( 1 )  I N C L U D E   A L P I i A  
E N D  LIST nF V A L U E S  l u ' ~  T H  A 9 9 .  
A L P H A   V A L U E  
I F  I R  I S  Z t R U  T H E W  'nF h I S k  T O  T A K E  T H E   N E X r  
SlvI T C h  INUMBER 3 I S U S E D   F O R   A N   I N T E R N A L  
D U M P  C1F A R R A Y S  C U K P l J r E G  D U k I N G   I T E k A T I O N  
P R O C E S S  
172 
q- - 
c L G U K  UP ALPIiA V A L U E  FLJK ZkKU L I F T  
170 
1 b O  
v A L 
P 
7 0  9 
L U U K  UP C L   V A L U E S  
V A L U E S  
FOR A L I S T  OF A L P H A  
173 
I 111 I I 111111II 11111 1111 I I 
C H E C K  FOR DUMP 
c K E P E 4  C C Y C L E  
DUMP O E L T A  VALUES,  C V A L U E S ,   A N D   T A B L E  
I F  U N A B L E  TO CONVERGE A F T E R  30  I T E R A T I C N S  
P g E S E N T L Y  IN C U R E  b E I N G  USEU FOR LOOK UP 
174 
t c. c 
S U B R O U T I N E   M A I N 4  
C U N T I N I J A T I O N   O F   S U B R O U T I N E   H A I N Z  
1 t R E Y  ( 
T A U (  19 
ALPG ( 1 
9 1 ( D E L  
L ( 6 )  VM 
COMPUTE  PKT)FILE D K A G  C O E F F I C I E N T S  
C L L = Y 9 ? .  
REYLlN=9YY. 
X M A X = G .  
D U  2 0  K = l , N P  
Ch.LL U ~ . I D C ( . C G O , ~ , I ~ P ~ ~ ~ I . Z , I ~ T ~ ~ Y , T A U T C A ~ B T C L , ~ T N P , C L L )  
2 0  C L  (.ti) = C V A L  (.K) 
CCMPUTE  CUAKrEFi   CHLlKU  P ITCHING MOMENT 
C G E F F I C I E N T S  
C L L = 9 9 9 .  
i iEYCN=93Y.  
XMAX=O. 
C A L L  t3R1OG(.(;i\?~ l t N P t  3 9  IWT ~ E , K E Y ~ T A U , ' C A M B , C L , ~ ~ T N P , C L L )  
LO 5 9  K = l , N P  
C I I E C K  I F   S E C T I O N   S T A L L E D  
" . 
I K T = 1  
ISS=IS 
4 3  
1 
5 0  
r C  f 
AXX 
DGE 
C h t C K  F(JK UUKP 
I 
Y O  
L 
100 
112 
1 2 0  
130 
140 
1.5 0 
160 
170 
180 
190 
2 OD 
2 LO 
220 
230 
24 0 
C C M P I J T E   O V E K A L L   I F T ,   D R A G 9   A N D   P I T C H I N G  
K O M E N T   C O E F F   I C  1 E N T S  
+SUP12 
U M 4  
IFT,CDP 
D E F   I W E   E X A C T   S T A L L  
I A G N =  I A G N t  1 
A N G L E  
I O T = Z  
IY=l 
C F  A T T A C K  
260 F O R ~ ~ T ~ L ~ X T ~ ~ H S T A L L E O  A T  ( ' 1 . 3 ~ 3 2 H  P O I N T   S E C T I O N   A N G L E   O F   A T T A C K  = 9  
l F l 0 . 3 9 L O X y 3 0 H M A X .   S E C T I * O N   A N G L E  OF A T T A C K  'TF10 .3 )  
176 
C 
C 
C 
C 
C 
C 
C 
C 
C 
. .  
I I C  
NG FnOMEi\lT C U l i F F I C I E N T )  
A T T  
NT 
N T I  
O F  
He:/ 
ACK 
A C K ,   D E G  
' X  9 3CHL I F  
1X 9 3 0 H r O T  
F I C I E N T )  
F I C  I E N T  
A T T A C K  . ) / 1 X )  
0.2 
C I E  
0.6 c OE 
32H 
I N P U T   A L P H A   V A L U E S  
PUT C U b E  1 I N  CORE 
M A X  P C  9 
U 9 MAXX 
X EDGE 
AUK 9 
E ,  
177 
r 
C 
C 
C 
LOOK l j P  CL  VALUES 
40 
6 0 
60 
1 
7 0 
8 0  
90 
L ( K ) *  
1 4 1 5 9  
L ,  LOCEI? 
C c LCOK C;P ALPHA FUR Z E R O  L I F T  
L 
1 LO 
1 2 0  
1 ? ( I  
L O C t d = h  
C L L = 9 9 9 .  
i . K  
4. 
178 
140 
150 
160 
170 
C A L L  A A A  ( . C V A  
C A L L  A.A.4 L C B C  
C A L L   A A A L D E L  
If (.ACiS ( D E . L T A  
1.F (.K-NP 160 
C O h T I N U E  
WRI~TE(~IPp7.70 
W Y I . T k (   I P , ' 7 5 U  
DO 160 K ' l r ' N  
180 
190 
200 
C c. 
C 
2.1 0 
C 
C 
C 
2 2 0  
2 3 0  
r 
l T r l = I T K + L  
I T E R A T I U N   C U N T  
I F  U ; \ I A d L E   T O   C  
RO L 
C I N V E K G E  7 D U M P  ALL 
2 7 u  
1 
1 
2 8 0  
2 9  0 
30U 
310  
320 
330 
346  
3 5 0  
366 
3'7 0 
380 
3 9 0  
AEYCiJ=993. 
CA.LL O A G I ~ T  L A K  
CALL A R C  C A R i A  
CVAL(JP)=CLL  
1j11 290 K=l,sJP 
CLL=999. 
CA.LL DASET ( . A R R A Y  p , L  , I Y  
CA.LL A!iC LAKKAY.9  TAUX 9 M A X X  ,MXCOL 9 
CVAL ( K  1 =C.LL 
C B C ( K ) = C V A L ( K ) + C d K ) + C K ~ / ~ w ~ {  
I t t X H t R t t Y L V L )  
180 
4 2 0  
4 3 b  
44 0 
4 6 0  
4 7 0  
4h0  
4rj 0 
500 
5 LO 
5 2 0  
5 3 0  
5.4 0 
5 5 0  
5 6 0  
570 
LTA ( J 
I.\ 
K )  
J I J  AI K 
4 0  ,'2 z 
1 /UOELT 
181 
C 
C 
C 
C 
C. c. 
58 0 
C 
C 
C 
6 0 0  
590  
6 10 
C 
C 
C 
620  
6 3 0  
6 4  0 
C 
C 
C 
6 5 0  
C 
C 
c 
6 6 0  
L O O K  UP C L  M A X  CURt  1 
C A L L   L J A G k T   ( . A R R A Y  I 11.1 Y 1. 
K E Y N = 9 9 9 .  
X M A X = O .  ' 
C L L = 9 9 9 .  
A L P H A = 9 9 9 .  
R E Y O N = R t ' Y  ( .I  S T A R  
C L M N F = X P A X  
T A U X = T A U  (. I -STA.R 
c A . L L  A K C ~ A R R A Y , T A U X , M A X X I P X C O L I  I E v W H E K E I N L V L )  
X M A X = i )  
L C O K  UP C L   M A X  CUcIt 4 ( F L A P )  
C A L L  D c i G C - T   L A R K A Y  9'4 9 . 1  W 1 
C A L L  A K C ( . A ~ I ~ ~ Y I T ~ U X I K A ~ W I M ~ C ~ L I I ~ I X ~ ~ R E , N L V L )  
C . L M F = X P A X  
DC.LMA=CLMF-CLf . ;NF 
L O O K  UP A L P H A   M A X  C U B E  1 
182 
7 10 
700 
720 
7 3 0 
7,5 0 
74 0 
7 6 0  
780  
770 
790 
BO 0 
8 1 0  
8 30 
H Z 0  
8 4 0  
0 5 u  
860 
0 7  0 
8 8 0  
8 9 0  
900 
910  
9 3 0 
920 
940 
9 5 0 
96 0 
9 7 0  
9 8 0  
99 0 
1 0 0 0 
1010 
10.20 
1030 
1. 1 x *' 1 
V E R t i E  
1~ 11H 
1 
LCU I i< 
5tat1 
N P R O G K A M  
F O R  ALPIIR 
* t  
, F  
cw 
, 
UNS 1. 
183 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
1040 
1050 
1 l ico 
1 0 7 C  
1080 
1090 
1100 
.1 0 
2 0  
30 
X )  
T R I H U T I  
E R  1. 
LOOK  UP C V A L  CUBE 4 ( F L A P )  
184 
130 
14 0 
1 5 0  
1 h U  
A X X  , 
Ah W ,  
+ 4  3 
185 
L 7  0 
180 
1 9 0  
2 o r) 
210 
TAUX=TAUCI 
CA.LL A R C  (.A 
KEYUN=999. 
ALPHX=ALPH 
A2=EUC-€*F( 
CALL UATSL.; 
, k ~  I-TE ( I . P ,  6 
G f l  T O (  1.70, 
CALL Z Z C  (.A 
SDELTzAZ-A 
I TR=O 
TAUXTMAXX,MXCOL 
RIK 
(.ALPHX-A4 1 +A4 
JCiVtc. 
=YY,;,. 
PA=ALPN 
C L L  
ALP 
CA.LL A d C  (.4K 
CVAL ( I <  =CLL 
2 2 0  CALL UAZLl"(. 
G O  .Id 2'30 
CA.LL A Y C  ( . A X  
ALPt iZ (K =AL 
ALP(\!= ( ALPtI(. 
Al-PliA=ALP!'i 
0 0  
2 0 , 2 2 0  
1 
AWW 9 MrJCUL 
I * (  1 . - F ( K  
2 3 0  
2 4  0 
2 5 0  
260 
2 7 0  
2 9 0  
2 8 0  
E 9 X H f K E  T NLVL 
NLVL 
IT UG t 
X X  MXCljL I E 7 W t I E R t  , VLVL 
U/LlhX 
186 
L 
340 
350 
360 
370  
0,3709 3 7 0  
9 ALMAX (.K 
3 6 0  
3 9 0  
4 0 0  
4 2 0  
5 0 0  
3 1.0 
5 2  0 
530 
n- 
I, 4 0 h It 
C 
C 
C 
C 
5 5 0  
. . . . . I l I l j  IT STALL . . . . 
187 
I '  
YFS 
bACK O F F  1 / 2  The D I S T A N C E  
/?VU P R E S E N T   A L P H A  I F  T H I S  
h E T N E E N   L A S T  A L P I - I A   V A L U E  
O T H E K W I  S t  I Y C R E A S E  OR 
W A S  T H E   F I R S T   S T A L L  
O E C K E A S E  I H E  A Y G L E  OF 
A r T A C K   B Y  0.2 D E G H E E S  
D E I ' E V D I N G  ON. 
I S  I T  S T A L L € ;  A ' I  112  POIVT 
k C  Y L S  
S U B T X A C T  6.2 A i D  0.2 
c. 
C 
C 
C 
C 
C 
t 
C 
C 
C 
C 
U f  A T I A C K   T H E h l   D E C I ( C A S E  B Y  
I F  T H I S  I S  THE F I R S T   A i J G L E  
0.2 D E G K E E S   U N T I L   ( I N S T A L L  
T E D  
2 , l H  
188 
q- 
APPENDIX B 
AVAI+-ILITY O F  THE COMF'IJTER PROGRAM 
The computer program developed f o r  t h e  CDC 6400 and 6600 
series computers has been stored in t h e  COSMIC Computer Center 
and i s  ava i lab le  for  publ ic  use .  A l l  i nqu i r i e s  pe r t a in ing  
t o  a v a i l a b i l i t y  and use of t he  program should be directed to: 
COSMIC 
Computer Center 
Barrow Hall  
Universi ty  of Georgia 
Athens,  Georgia  30601 
Telephone: (404) 542-3265 
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